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"I am among those who think that science has great beauty. A scientist in his laboratory is
not only a technician; he is also a child placed before natural phenomena which impress him
like afairy tale. " - Marie Curie

"Somewhere, something incredible is waiting to be known. " - Dr. Carl Sagan
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CHAPTER I
INTRODUCTION

I. Background

Proteins play an essential role in every biological function; without them, life would
cease to exist. Not only do proteins play an important role in chemical reactions, but they
serve as key structural elements as well. These macromolecules are comprised of a "string"
of individual units called amino acids, each of which has its own unique side chain, allowing
for an enormous amount of variation in structure and function. The interaction of an
individual amino acid's side chain with surrounding side chains and the environment cause
the amino acid "string" to coil and fold into a unique three-dimensional structure which
ultimately determines the function of the protein.
Proteins are also affected by their environment. In the case of membrane-bound
proteins, the membrane that the protein exists on may affect its behavior and conformation.
The electrostatic interaction between the protein and its membrane can be affected by factors
such as pH and protein concentration. Altering variables like temperature, ionic strength, and
pH can cause the protein to unfold, or denature. Therefore, it is important when studying
proteins to keep the proteins' natural cellular environment in mind. Any extreme alteration
could change the protein's structure and result in a dysfunctional protein.
Proteins have been studied for many decades by scientists, usually in prepared

2

solutions. However, studying a protein in solution cannot account for the interaction between
a protein and the cellular membrane where it is found within an actual cell. In order to
account for these interactions, a surface must be prepared that can mimic the properties of the
protein's natural surface. Cytochrome c (cyt c) is a well-studied protein which can be used as
a model to study electrostatic protein adsorption to charged surfaces. Through the study of
protein adsorption, conclusions can be drawn about the nature of biological protein
adsorption at the molecular level. The ultimate goal for protein adsorption studies is to reach
an understanding of the molecular mechanisms in which the protein uses electrostatic
adsorption to function.
Cyt c lies peripheral to the inner mitochondrial membrane in a wide variety of
organisms. It contains a c-type porphyrin ring with a heme moiety containing an iron metal
ion (Fe). It is connected to the rest of the protein by two thioether linkages as shown in Fig.
1.1, below.
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Figure 1.1. Porphyrin ring located in cyt c, shown
here with Fe in oxidized (+3) form
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The plane of the porphyrin ring contains two degenerate electronic transition dipoles which
can be used to help detennine the molecular orientation of the protein. These dipoles will be
discussed further in Chapter 3.
Cyt c functions on the inner mitochondrial membrane by passing electrons down the
electron transport chain (Fig 1.2), causing the eventual production of chemical energy in the
form of adenosine triphosphate (ATP). ATP is the primary energy source for cells.
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Figure 1.2. The electron transport chain ll J (cyt c circled in red)
Cyt c in this system acts by alternately binding to the cytochrome c1 of Complex ill and to
the cytochrome c oxidase of Complex IV. In this way, it receives an electron from Complex
III, causing the protein to become reduced (Fe+ 2), and then transfers it to Complex IV,
causing it to become oxidized again (Fe+3).
Cytochrome c is an extremely well-characterized protein in solution. It is a relatively
small globular protein (25 x 25 x 37 ApJ containing 104 amino acid residues in a single
chain l3J with three

CL

helices. A ribbon structure of cyt c is shown in Fig. 1.3 on the following

page. In its native state, the single polypeptide chain folds around the heme to form a
somewhat spherical molecule with a hydrophobic interior and a hydrophilic exterior[4].
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Figure 1.3. Solution NMR structure of oxidized cyt c.
Graphic of oxidized cyt c derived from PDB file lAKKYl
Cyt c is a basic molecule containing 19 lysine, 2 arginine, and 12 aspartic or glutamic acid
residues[61. It is positively charged at neutral pH (+9)[7] and has a pI of 10.6. A tryptophan
located at the edge of the heme (yellow residue in Fig. 1.3) can be used for fluorescence
studies because the heme (pink structure) quenches the residue's fluorescence until the
protein begins to unfold and the tryptophan moves away from the heme, eliminating its
ability to quench the fluorescence.
Cyt c has a net positive charge caused primarily by a dense population of lysine
residues around the only exposed edge of the heme group (blue and green residues in Fig.
1.3). While other lysine residues can be found in the protein, the high density of lysine
residues in this area causes this portion of the protein to be electrostatically attracted to a
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negative surface, such as quartz or fused silica. Experimental results indicate that Complexes
III and IV also contain negatively charged binding sites that complement cyt c's ring of
lysine residues(lJ, [81.
While cyt c naturally alternates between the reduced and oxidized states, reproducing
these states in a laboratory is not an easy task. Reduced cyt c is difficult to work with because
it is in a higher energy state than oxidized cyt c. It is energetically favorable for reduced cyt c
to lose its extra electron as quickly as possible, so keeping it reduced is a challenge which
requires advanced techniques. Because both fonus occur at different times in the cell, it is
important to analyze both the oxidized and reduced fonus of cyt c. Only in this way can the
true redox behavior of cyt c be more clearly delineated.
Moreover, while cyt c is a well-studied protein in solution, biologically-relevant
studies of cyt c are lacking. Studying the proteins individually on a surface allows for an
overall picture of how cyt c functions on a biological membrane, and can lead to a
characterization of surface behavior. This characterization, in tum, has the potential to be
broadly applied to other membrane-bound protein systems.
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II. Statement of Purpose
While cyt c is a well-studied protein in solution, biologically-relevant studies of cyt c
are lacking. Although the primary function and location of cyt c are well understood, little is
known about how it carries out its function or about its physical orientation and interaction
with the inner mitochondrial membrane. Moreover, it is unknown whether cyt c molecules
interact with each other to stabilize or destabilize different confonnational states or
orientations. Even the amount and nature of the interactions between cyt c and its surface has
not been explored. These areas are important to explore in order to reach an understanding of
the mechanisms of the surface-bound protein's function at the molecular level. Studying the
proteins individually on a silica surface allows for an overall picture of how cyt c functions
on a biological membrane, particularly when carrying out redox chemistry, and can lead to a
characterization of surface behavior. This characterization, in turn, has the potential to be
broadly applied to other membrane-bound protein systems.
Investigating surface effects on cyt c and other surface-bound proteins have far
reaching implications in protein chips, nanotechnology, medicine, and phannacology.
Elucidating the orientation and behavior of cyt c on its membrane could lead to the
development of a mechanism for its role in the electron transport chain. Disease mechanisms
affecting cyt c could be developed, leading to the ability to manufacture better medicines.
Furthennore, understanding how surface-bound proteins function may lead to a greater
understanding of the positive and negative effects of select drugs.
This study is an attempt to characterize the electrostatic surface adsorption
characteristics of reduced and oxidized cytochrome c via Attenuated Total Internal
Reflection (ATR) spectroscopy in order to better understand how the surface affects the
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confonnation and behavior of cyt c. While the overall confonnation of cyt c is not expected
to change significantly upon adsorption to a negatively-charged surface, it is expected that
the molecular orientation of the proteins will become important as they are forced to interact
with each other in a more ordered manner than they would in solution.
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III. ATR Spectroscopy

A. Fused Silica
One technique used specifically to study proteins on a surface involves Attenuated
Total Internal Reflection (ATR) absorption spectroscopy. ATR absorption spectroscopy
allows a single layer of proteins adsorbed onto the surface of a fused silica prism to be
examined. While this technique could be used with a prism made out of a different material,
such as glass or quartz, fused silica was chosen for several reasons. First, unlike glass, fused
silica does not absorb in the ultraviolet region, and therefore the entire UV-Vis spectrum is
available for cyt c analysis. Like glass and quartz, fused silica is composed primarily of Si0 2.
However, these three compounds vary in the concentration of Si02 they contain. Glass is
typically composed of -80% Si02. Quartz has fewer impurities, with an Si02 concentration
of ~99%[91. Fused silica is a synthetic quartz which has impurities of only a few parts per
million[lOl. This level of purity allows fused silica to more clearly transmit radiation in the
ultraviolet and infrared regions, and also makes it harder and more scratch-resistant!ll].
Perhaps most importantly, fused silica is negatively charged, and thus can be used to
mimic the negatively charged complexes in the electron transport chain, and the surface of
the phospholipid bilayer in which these complexes are found. Because fused silica is
negatively charged, the positively charged cyt c is electrostatically attracted to it, just as it
would be in the mitochondrial membrane of a cell. Fused silica has a pi of 3.5, while, as
previously mentioned, cyt c has a pI of 10.6. Therefore, above pH 10.6, cyt c is neutral, and
is no longer attracted to the fused silica. Below pH 3.5, the fused silica is essentially neutral
and is also no longer electrostatically attracted to the positively charged cyt c.

9

However, throughout this study it should be kept in mind that fused silica only
replicates the general electrostatic nature of the mitochondrial membrane. The composition
and microenvironment of the mitochondrial membrane are very complex, and are not readily
reproducible in a lab. Therefore, the results and conclusions discussed within this work are
based on the assumption that cyt c will behave in vitro similarly to how it does in vivo, which
has yet to be detenuined.
B. Instrumental Design
While the exact design of the. ATR cell has undergone several changes during its
tenure at Butler University, the arrangement used for the duration of this work is shown in
Fig. 1.4, below.

Sample
Glass plate

O-ring

To detector
Polarizer

Figure 1.4. Schematic of the ATR cell.

As light enters the cell, it passes through the left face of the prism, and if its incidence angle
into the prism is greater than its critical angle (Sc = 65.0°)[7 1, the beam of light will undergo
total internal reflection. Total internal reflection means that instead of transmitting radiation
directly through the prism and across the sample chamber, it will reflect the radiation back
into the prism and exit out the other side to the detector.
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Before the radiation reflects back into the prism, it will penetrate a very short distance
into the sample chamber. The amount of radiation that performs the penetration is referred to
as the evanescent wave. The evanescent wave is what actually probes the layer of protein
adsorbed onto the fused silica prism. The evanescent wave will not probe the cytochrome c
that is free in solution in the sample chamber because it is limited by a wavelength dependent
penetration depth. For the purposes of this experiment, the depth of penetration values (d p)
that are of most importance are those which correspond to the wavelength of the primary
peak of cyt c's absorption spectrum, the Soret peak, which occurs at 409 nm for oxidized cyt
C(l2J

and 415 nm for reduced cyt c(l3]. The respective depths of penetrations for these

molecules are d p4 09nm = 139 run and dp415nm = 141 run[7].
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IV. Literature Review
While references describing studies of oxidized cyt c number well into the thousands,
there has been far less research performed on reduced cyt c. A selection of key reduced cyt c
papers will be discussed in this work.
Perhaps most instrumental to this research is Yonetani and Ray's 1965 work(14] which
describes a method to induce the reduced form of cyt c from an oxidized stock solution. The
method used in this research to reduce cyt c is modified from this procedure. Likewise,
Kaminsky, Wright, and Davison(15] also developed a reduction procedure based on Yonetani
and Ray. Varhac and Antalik[ 16l performed a study to determine the pK for the acid-induced
denaturation of reduced cyt c. Instead of using only sodium dithionite to reduce the protein,
Varhac and Antalik also incorporate urea as a milder, longer-lasting reductant. Myer,
Thallam, and Pande[17] performed a study which followed the kinetics of reduced cyt c. They
introduce another alternative reductant in the form of ascorbic acid. Ascorbic acid is
incorporated into this research as a mild secondary reductant used to maintain the oxidation
state of reduced cyt c. A third potential reductant is introduced in the form of guanidinium
hydrochloride (GdnHCl) by Bhuyan and Udganokar[l8]. In this work, Bhuyan and Udganokar
perform a detailed solution study of the folding and unfolding of reduced cyt c using
absorption and fluorescence methods.
The extinction coefficient used for the determination of the concentration of reduced
cyt c via UV-Vis spectroscopy comes from MargoJiash and Frohwirt[19]. In addition to
determining the extinction coefficient at the Soret peak of reduced cyt c (416 nm), they also
determine the extinction coefficient at several other wavelengths. Similarly, the molar
extinction coefficient used for oxidized cyt c comes from Babul and Stellwagen[201• Babul
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and Stellwagen also discuss ligand importance in the folding of cyt c. The solution structure
of reduced cyt c obtained by NMR is described by Banci, Bertini, et af. [21]. The solution
structure of oxidized cyt c obtained by NMR and X-ray crystallography is also described by

.. el a I. (22J .
B anc),. B ertlIll,
Dr. Scott Saavedra's research group has published a multitude of works regarding
oxidized cyt c. More specifically, Saavedra and his colleagues have studied the molecular
orientation of cyt c and myoglobin on substrates with variable surface chemistry and have
also used linear dichroism to determine the orientation of the heme's transition dipoles. They
put forth that their results indicate the anisotropic mean molecular orientation of cyt c and
myoglobin on both hydrophilic and hydrophobic glass surfaces. I n other words, the cyt c
molecules are not just randomly oriented on the glass surfaces l2J1 . [24]. (25). Du and Saavedra
have also used oxidized cyt c to form a self-assembled monolayer comprised of oriented
protein molecules I26 ].
Runge and Saavedra have studied the orientation distribution of adsorbed cyt c
protein films on glass and indiwn tin oxide electrodes[ 27 l. [28]. More specific calculations that
were modified for use in this work for the determination of the second order parameter and
surface coverage density are also presented by Runge and Saavedra, et at. [29],

[30J.

One of Dr.

Saavedra's colleagues, Dr. Sergio Mendes, was also responsible for creating the Mathematica
program used to determine the second order parameter and surface coverage density of cyt c.
He was also involved in the work done with the refractive indices of the protein.
Previous research on cyt c using ATR spectroscopy was performed under the
supervision of Dr. Huan-Cheng Chang and Yo-Yuan Cheng at the Institute of Atomic and
Molecular Sciences (lAMS), Academia Sinica at National Taiwan University in Taipei[7 J,
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Their Journal of Physical Chemistry A work provides the background research on which this
work is based. It discusses studies performed using the experimental design previously
discussed, acquiring single-pass ATR measurements with linearly polarized light. Cheng,
Lin, and Chang also discuss similar parameters to those discussed in this work, including
adsorption isotherms and surface coverage densities[7], Much of the work discussed in this
thesis, particularly the reduced cyt c research, has been recently published in the Journal of
Physical Chemistry CPI],
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CHAPTER 2
EXPERIMENTAL

I. Stock Preparation
A. Oxidized Cytochrome c
Horse heart cytochrome c prepared without TCA was obtained commercially (Sigma
CAS 9007-43-6) and stored at 4°C. To prepare the stock, the cyt c was removed from the
freezer and allowed to equilibrate to room temperature for 20 minutes. It was then dissolved
in deionized water to give an approximate concentration of 1.0 mM. An example calculation
for 10 mL of 1.0 mM cyt c (MW 12,384 g/mo!), is shown in Eq. 2.1.
3

(Equation 2.1)
l.Ox 10- mol x 0.01 Lx 12,384 g x _1_ = 0.1407 g
L
mol
0.88
Commercially available cyt c is sold as -95% pure. To account for this known impurity, as
well as other potential impurities, a factor of cr 10.88 ) is incorporated into the calculation for the
stock concentration. This factor assumes that the cyt c is only 88% pure, and ensures that at
least a 1.0 mM stock solution is produced. Typically, either a 1.0 mM stock or a 3.0 mM
stock was used. The dissolved protein was then injected into a 10 mL, 10,000 MWCO
dialysis cassette (Pierce) and dialyzed in two consecutive autoclaved 10 mM NaCI solutions
at 5° C for 3 hours each. Then the dialysis cassette was placed in a fresh 10 mM NaCI
solution and allowed to dialyze overnight (12+ hours). During the dialysis process, the
solutions were stirred at medium speed with a large stir bar in order to facilitate the
movement of small particles through the dialysis membrane, traveling down their
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concentration gradients. Cyt c was dialyzed against a low concentration ofNaCI rather than
deionized water because the salt solution lent stability to the protein without introducing a
substantial amount ofNaCI into the stock solution. The goal of dialysis was to remove some
of the aforementioned impurities left over from commercial processing. After the dialysis
was complete, the protein was removed and stored at 4°C in a sterile 15 mL plastic tube
(Fisherbrand).
The final concentration of the stock was then determined spectroscopically, by first
diluting the stock to within the detection limit of the Cary UV-Vis spectrometer. Then, using
quartz cuvettes, Dl water is used to take a baseline spectrum, which is then subtracted from
the final diluted stock solution spectrum. An example solution spectrum of the diluted stock
is shown in Fig. 2.1.
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Figure 2.1. Solution spectrum of diluted stock oxidized cyt c

The final concentration of the stock is then determined using Beer's Law, shown in Eq. 2.2.

A=

& X

f

X (

[cyt C] X dil )

(Equation 2.2)
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where A is absorbance,

E

is the molar absorptivity coefficient, R is the pathlength of the

cuvette used, and ( [cyt c] x dil ) is the concentration of the stock. The molar absorptivity
coefficient of the Soret peak of oxidized cytochrome c at 409 nm is 1.06 x 10 5 M'l cm'li I2 ].
B. Reduced Cytochrome c*

The ~ 1 rnM oxidized cytochrome c stock solution was reduced with sodium dithionite
(0.29 M) at room temperature in phosphate buffer (3 rnM) at pH 7. The reduced protein was
immediately purified by size exclusion chromatography (Sephadex G-25 in 10 rnM
phosphate buffer, pH 7.0, under inert N2 atmosphere). To maintain the reduced state, 1 rnM
L-ascorbic acid was added to the cytochrome c stock solution. The reduced stock solution
was stored under an inert N 2 atmosphere at 4 0 C, and the concentration was determined
spectroscopically, as with the previous stock, using the molar absorptivity coefficient of the
Soret peak of reduced cytochrome c

(E416 =

1.29

x

105 M'l cm,l)[13]. An example solution

spectrum of the diluted stock is shown in Fig. 2.2.
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Figure 2.2. Solution spectrum of diluted stock reduced cyt c

* For a highly specific procedure for the reduction and maintenance of cytochrome

see
Tara L. Benz's 2006 honors thesis, titled "Attenuated Total Internal Reflection
Characterization of Reduced and Oxidized Cytochrome c Adsorbed to a Fused Silica
SU rfiace " (32J.
c,
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It is important to note the differences between the reduced cyt c spectrum and the oxidized

cyt c spectrum. In the oxidized cyt c spectrum, the Soret peak is located at 409 nm, and there
is a broad a /

~

band at

~530

nm. In the reduced cyt c spectrum, on the other hand, the Soret

peak has shifted to 416 nm, and the broad a /
resolved itself into is a distinct a band at

~520

~

band from the oxidized spectrum has

nm and a distinct

~

band at ~550 nm. In later

studies, a 0.0] cm cuvette was used to detennine the stock's concentration without diluting it,
eliminating the error introduced by pipetting small volumes.
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II. Sample Preparation
A. Oxidized Cytochrome c
For the oxidized cyt c samples, a lOX buffer was prepared containing 70 mM
potassium phosphate (Sigma) and either 1.5 M or 0 M NaCI (Sigma), depending on the
study. The buffer was then syringe-filtered with a sterile filter that was first rinsed with acidic
DI water (pH 3-4). The stock solution was then diluted to concentrations in the 0.1
~lM

~lM

- 200

range at pH 7.2. These samples were prepared in 3 mL volumes, stirring constantly and

using the following procedure:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Put small stir bar into a 10 mL graduated cylinder calibrated for 3 mLs.
Add 0.3 mLs buffer.
Add -1 mL sterile DI H2 0.
Add oxidized cytochrome c.
Add sterile DI H 20 to achieve a total volume of -2.8 mLs.
Adjust pH to 7.2 using the 0.1 M solutions of HCl and NaOH.
Remove stir bar and fill to 3 mLs with sterile DI H2 0.
Transfer to a sterile 15 mL plastic tube (Fisherbrand) and label.
Vortex tube and store at 4°C.

To ensure that the correct samples were being prepared, a worksheet was created outlining
the exact volumes of each solution to be added. Moreover, the exact concentration of each
sample was deteIDlined spectroscopically, using 1 cm, 0.1 cm, or 0.0 1 cm pathlength quartz
cuvettes (Stama Cells) as appropriate for analysis without dilution.
B. Reduced Cytochrome c
Reduced cyt c samples were prepared in a concentration range of 0.1 j.lM - 60

~lM

uSlllg lOX buffers at pH 7.2 identical to those prepared for oxidized cyt c studies.
Additionally, a 100 mM L-ascorbic acid stock solution was prepared with sterile DI H20. All
solutions for reduced cyt c sample preparation (buffer, DI H2 0, ascorbic acid) were kept in
an inert atmosphere maintained by bubbling with N2 for fifteen minutes three times daily
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while they were in use. These solutions were always capped tightly with rubber septa
(Twistit) and only accessed using sterile deflected point, non-coring, 20-0 septum
penetration 6" or 12" needles (Popper and Sons) and 5 mL syringes (Fisherbrand). 1" outlet
needles were used while bubbling to prevent gas buildup within the containers. The needles
were kept clean by triple external and internal washes with sterile DI H20 and methanol.
As with the oxidized cyt c samples, reduced cyt c samples were prepared in 3 mL
volumes using the following procedure. In some studies, 2 mL samples were employed
instead, which required volumes different than those listed.
1. Before preparing solutions, bubble N2 through the stock of reduced
cyt c, DI H20, and ascorbic acid that will be used.
2. Put small stir bar into a 10 mL graduated cylinder calibrated for 3 mLs.
3. Add 0.3 mL buffer. *
4. Add 0.03 mL ascorbic acid. *
5. Add ~1 mL sterile DI H2 0.*
6. Add reduced cytochrome c. **
7. Add sterile DI H 20 to achieve a total volume of ~2.8 mLs.*
8. Adjust pH to 7.2 using the 0.1 M solutions of Hel and 0.1 M NaOH.
9. Remove stir bar and fill to 3 mLs with sterile DI H 20. *
10. Transfer to a sterile 15 mL plastic tube and label.
11. Vortex tube and immediately analyze by solution and ATR.

* Prior to making samples, a small amount of Ihese solutions were
removed from their sealed, nitrogen-bubbled stock solutions using a
6 inch needle and syringe and placed in a temporary plastic vial.
** Reduced cyt c was removed from the stock container in ~ 1 mL
increments and stored in a microcenlrijuge lube until use. After 1
hour any remaining cyl c was discarded as wasle.
All samples were analyzed within 1 hour of preparation to prevent oxidation during
the study. However, under the conditions described here, the samples were later found to
maintain their reduction for at least 1 month when kept tightly capped at 4° C. The exact
concentrations of all reduced cyt c samples were determined spectroscopically.
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III. ATR Cell Preparation
A. Design of the ATR Cell

The face of a right-angle fused silica prism (CVI) served as the silica surface for cyt c
adsorption. The surface has a specified flatness of AlIa (A

=

633 run) and was used as

received. The prism was used in a single-pass ATR arrangement for the measurement of the
surface-bound proteins. It was inserted into the compartment of the spectrophotometer in a
manner similar to that of the solution sample cell. In the ATR measurement, the evanescent
wave detected the adsorbate via the internal reflection of the light through the right-angle
prism on which a static sample cell was situated, as seen for a second time in Fig. 2.3.

Sample
Glass plate

O-ring

To detector
Polarizer

Figure 2.3. Schematic of the ATR cell.
The sample cell was made of a modified rubber O-ring (-26 rnm diameter), separating the
prism from a glass plate (2.5 x 2.5 x 0.7 cm\ This assembly was held in place by a custommade stainless steel mounting block. The mounting block was fixed in place in the
spectrophotometer by attaching it to a strong magnet (ThorLabs) which, when placed in the
instrument, would hold the assembly in place. The arrangement of these components can be
seen in Fig's. 2.4 and 2.5.
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Stainless steel
Mounting
block
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O-ring

Glass
Plate
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Figure 2.4. Top view of the ATR cell.
Stainless steel
Mounting block

Alignment

Magnet

Stage

Figure 2.5. Side view of the ATR cell.

The space

(~O.5

mL) created by the O-ring was filled with the sample solution in the

individual measurements.
B. Disassembly and Cleaning of the ATR Cell
The ATR cell was usually cleaned after the complete set of data for each isotherm
was collected. The ATR cell was removed from the magnetic base by removing the two large
screws on top of the cell. Next, the four screws were removed from each corner on the
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primary face of the cell. Both the prism and the glass piece were soaked in a strong base bath
(isopropanol and potassium hydroxide) for 10 minutes. They were removed from the base
bath and rinsed thoroughly with DI H2 0. The prism and the glass piece were then carefully
wiped with methanol-soaked lens paper (ThorLabs) in a unidirectional fashion to reduce
streaking. Lens paper was preferred to standard KimWipes because it has less lint that can be
transferred to the prism surface. Meanwhile, the old O-ring and adhesive were discarded. A
new O-ring was prepared by cutting a -1 mm piece out of it and allowing it to soften in
warm tap water for -15 minutes. The stainless steel mounting block was rinsed in DI H 2 0
and dried thoroughly.
When all pieces were prepared, a thin strip of extra heavy Pink Waterline PTFE
adhesive tape (Oatey) was cut to the height of the prism and set in the crevice of the
mounting block. The prism was then carefully set into -the crevice with special attention
being given to its alignment. The O-ring, and glass piece were then stacked onto the prism,
followed by the top stainless steel piece of the mounting block. The four screws were then
replaced in an order designed to minimize stress to the prism (top left, bottom right, top right,
bottom left). Once tightened, DI H 2 0 was added to the cell and it was placed onto a
KimWipe for a 15-20 minute leak test. If it passed the leak test, it was then ready for
alignment in the spectrophotometer. If not, the cell was completely disassembled,
reassembled, and leak tested again. The ATR cell was finally mounted onto a Parafilm
covered aligrunent stage which was attached to a strong magnet that would hold it in place in
the spectrometer.
The polarizer (Bolder Vision Optik) was also cleaned after each isotherm. It was
cleaned very gently with a methanol-soaked lens cloth (Bolder Vision Optik) in a
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unidirectional fashion. Care was taken to prevent the polarizer from being removed from its
holder. If it was removed from its holder, it would need to be realigned to the proper TM and
TE polarizations.
C. Alignment of the Polarizer and ATR Cell
The polarizer was first mounted into the ATR cell on a one-directional adjustable
stage attached to the spectrometer with a magnet. It was designed in a way that allowed the
polarizer to be moved away from the source when it was necessary to take non-polarized
spectra. Using instrument supplied software that allowed the percent transmittance to be
plotted against time, the Cary UV-Vis spectrometer constantly acquired data during the
alignment process. In order to make sure the polarizer had maintained its alignment, the
percent transmittance was simply checked to be 20% at TE polarization and 40% at TM
polarization.
The polarizer was moved away from the source while the ATR cell was being
aligned. Prior to mounting the sample cell, light in the green region of the visible spectrum
(495 - 505 nm) was emitted from the spectrometer, and its exact location at the entrance to
the detector was marked with a piece of paper. The goal of this step was to pinpoint where
the light hit the detector, so that when the sample cell was inserted, the prism could be
adjusted until the green light exiting the prism reached the detector in the same location.
Once the cell was inserted for alignment, the prism was adjusted further by moving the
alignment stage in small increments and/or by moving the entire magnet. This process is
explained schematically in Fig. 2.6, on the following page. Fig. 2.6 also illustrates the results
of an incorrect alignment. An incorrect alignment will prevent the light exiting the prism
from reaching the detector. No signal will be recorded.
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Source

Detector

Detector

Source

Detector

Source

Figure 2.6. Schematic showing the alignment of the ATR sample cell in the spectrometer
Top: Path of light through spectrometer without sample cell. Bottom left: Incorrect
alignment of the sample cell in the spectrometer. Bottom right: Correct alignment of the
sample cell in the spectrometer.

The goal of this process was to maximize the percent transmittance, which usually peaked at
-83-88%. Care was also taken to keep the light entering and exiting the prism at
approximately the same point on both sides. Once set, the magnet was not disturbed for the
duration of the isotherm.
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IV. Data Collection

A. Kinetic Scans
After the wash procedure is completed and the baselines are recorded with only the
requisite phosphate I NaCl buffer left inside of the ATR cell, a kinetic scan is recorded using
the Varian Kinetics software. Before the buffer is removed, the kinetic baseline is established
at zero absorbance. Then the buffer is removed, and the kinetic scan is initialized. Only when
the kinetic scan has begun is the cyt c sample added to the sample chamber. Once the sample
is added, the scan is monitored for an increase in absorbance. For higher concentrations of
cyt c, the absorbance inunediately increases and levels off, as in Fig. 2.7. When the
absorbance levels off, it indicates that the cyt c is properly equilibrated on the silica surface.

~.

.
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Figure 2.7. Kinetic spectrum of high concentration of reduced cyt c.
Sample: 50 j.iM reduced cyt C, 0 mM NaCl, 7 mM phosphate, 1 mM
ascorbate, pH 7.2 (Jl = 17 mM).
Usually the kinetic scans for high concentrations of cyt c were allowed to run for 2 minutes
before ATR spectra were taken. For lower concentrations of cyt c, however, it took a much
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longer time for the cyt to equilibrate, especially in high salt concentrations. An example of a
kinetic scan for a low cyt c concentration is shown in Fig. 2.8.
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Figure 2.8. Kinetic spectrum of low concentration of reduced cyt c.
Sample: 0.05 j1M reduced cyt c, 0 mM NaCl, 7 mM phosphate, 1
mM ascorbate, pH 7.2 (j.1. = 17 mM).
These lower concentration cyt c samples were usually allowed to equilibrate for 20-25
minutes. As soon as the spectra had significantly leveled off for

~2

minutes, ATR spectra

were taken.
B. Acquiring Spectra

All of the cyt c spectra were baseline-subtracted with baselines taken separately for
each sample. In other words, there were three baselines for every sample: non-polarized, TM
polarized, and TE polarized. Examples of these three baselines are shown in Fig. 2.9 on the
following page. Each baseline had characteristic features that were monitored throughout an
isothenn for signs of problems within the instrumentation. For example, if the polarizer
began to slip within its mounting, the polarized baselines would shift. When this was noticed,
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the polarizer was re-aligned on a separate spectrometer, since the ATR cell could not be
removed during an isothenn. _
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Figure 2.9. Baselines recorded for non-polarized, TM, and TE polarized scans.
Sample: 0 mM NaCl, 7 mM phosphate, 1 mM ascorbate, pH 7.2 (j.1 = 17 mM).
Red";' non-polarized; Green = TM polarized; Blue = TE polarized.
The baselines were automatically subtracted during spectra acquisition. Normally, this
subtraction served to standardize all of the spectra, but there were a few instances where one
spectrum in a set would be set just a little higher or lower than the rest of the spectra. In this
case either an additional scan would be taken, or the individual scan would be vertically
adjusted until it matched the other spectra.
Once the kinetic scan was complete, data acquisition began. 5 spectra of nonpolarized data, 12 scans of TM polarized data, and 17 scans of TE polarized data would be
acquired. Different numbers of spectra were acquired because of the amount of noise present
in each kind of polarized data. Non-polarized spectra had the least amount of noise, and
therefore the fewest number of scans were taken. TM polarized spectra has more noise than
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non-polarized spectra, but less noise than TE polarized spectra. Therefore, more spectra were
acquired than for non-polarized spectra, but less scans than for TE polarized spectra.
Examples of these spectra can be seen in Fig's. 2.10 - 2.12.
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Figure 2.10. Non-polarized spectrum of reduced cyt c.
Sample: 4 j1M reduced cyt C, 0 mM NaCl, 7 mM
phosphate, 1 mM ascorbate, pH 7.2 (p = 17 mM).
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Figure 2.11. TM polarized spectrum of reduced cyt c.
Sample: 4 j1M reduced cyt C, 0 mM NaCl, 7 mM
phosphate, 1 mM ascorbate, pH 7.2 (p = 17 mM).
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Figure 2.12. TE polarized spectrum of reduced cyt c.
Sample: 4 ;..JM reduced cyt c, 0 mM NaCI, 7 mM
phosphate, 1 mM ascorbate, pH 7.2 (j..l = 17 mM).
Comparing the three spectra, it is easy to see that the TM and TE polarized spectra have
much more noise than the non-polarized spectrum. Indeed, the a and f3 bands are obscured in
the TE polarized spectrum. In these spectra, the absorbance difference between the TM and
TE polarized spectra is also apparent. This difference is the basis for the surface coverage
density and order parameter calculations which will be discussed in the next chapter.
C. Oxidized Standard
In order to monitor the signal over the course of a day or a week's work, a 1 !J.M
oxidized standard was prepared. A scan of this oxidized standard was recorded at the
beginning and end of each day, and the absorbance of the Soret peak was noted in a table. If
there was a significant difference between the absorbance values at the beginning and end of
the day, then either the ATR cell was not cleaned thoroughly or there was a problem with the
source lamp. In the event that this did happen, the data was recorded again on another day.

v. Refractive Index and Ionic Strength
A. Refractive Index

In Spring 2007 it was brought to light that the refractive index value that was used in
the data calculations for order parameter and surface coverage (packing) density did not
account for changes in salt concentration. Since a large portion of the research performed in
the lab was based on non-zero salt concentrations, it was important that an updated refractive
index value be obtained.
Because the necessary equipment was not available at Butler, a student from the lab
went to the University of Louisville to use the hand built interferometer in Dr. Sergio
Mendes' lab*. ln order to measure the refractive index of a solution, a sample containing a
known amount of NaCl and phosphate would be placed in the instrument, and exposed to
radiation. This radiation would undergo several reflections within the sample, wherein the
waves would undergo interference. The radiation that was reflected out of the sample into the
detector would be emitted in alternating relative light and dark interference patterns. The
sample would then be slowly displaced with 01 H2 0, and the light and dark regions would
shift. As the sample became entirely 01 H 20, the pattern would slow and eventually stop.
Each light-dark-light cycle recorded by the detector was considered a fringe, and the number
of fringes the sample showed during the dilution process was recorded. These values could
then be plotted against the concentration of the salt in to solution in order to generate a
standard curve, shown in Fig. 2.13, on the following page.

*For a more detailed procedure and theoretical discussion of the refractive index
calculation, see Kayla S. Bloome's 2008 senior honors thesis, titled "The Ionic Strength
Effect ofeyt c on a Fused Silica Surface ,,(331,

Figure 2.13. Standard curve for fringe count vs. [NaCI].
Each point is a sample containing 7 mM phosphate and a variable
concentration ofNaCl. A fringe is defined as a light-dark-light cycle.

However, the number of fringes that could accurately be read by the detector was limited by
its sensitivity. Once the sample's salt concentration was higher than 90 mM, there were too
many overlapping fringes, and they could not be counted. Therefore, it was assumed that an
extrapolation of the plot would still be linear at high concentrations.
In the end, it was unnecessary to convert the number of fringes into refractive index
values, because the value that was actually used in calculations was the slope of the refractive
index vs. [NaCl] curve, which would be the same as the slope of the plot in Fig. 2.13.
B. Ionic Strength Calculation
In Fall 2007, it was also brought to light that the ionic strength values that had
previously been used (e.g. 7 mM phosphate, 150 mM NaCl, etc.) were not actually the

32
correct values for the lolal ionic strength of a solution. Therefore, a calculation for total ionic
strength was derived[34] and used to recalculate the ionic strength by including all of the ions
present in a given solution. This equation is given in Eq. 2.3, below.

J1

= ~ I(M+z~ +MJ~)

(Equation 2.3)

I

where ~ is total ionic strength, M+ and M. are the molarities of the positively and negatively
charged ions, and z+ and z. are their respective charge numbers.
The molarity of the phosphate solution was determined by analyzing the equilibrium
between the two phosphate species, as shown in Eq. 2.4.

NaH ZP04

...

...

(Equation 2.4)

Na2HP04

In order to detennine the molarities of the individual phosphate species, the HendersonHasselbach equation was used. This calculation is shown in Eq. 2.5

pH == pKa + log

kl
[HA]

(Equation 2.5)

HPoi

7.2

= 6.82 + log ~H2PO;

The ratio of base to acid is determined, and is then used to determine the percent of the
solution that is in the acid specie (29.41 %) and that is in the basic specie (70.59%).
Therefore, the ionic strength calculation for 7 mM phosphate proceeds as follows:
,Ll

= ~[(0.7059 X7 mMX- 2y + 2(0.7059)(7 mM)(+ ly
+ (O.2941X7 mMX-Iy + (0.294IX7 mMX+ ly

2

l = 17 mM
J

(Eq.2.6)

Therefore, this is the total ionic strength for both 0 mM NaCl studies. For the 150 mM NaCl
studies, the ionic strength of the salt must also be incorporated. This calculation for total
ionic strength, which includes both 150 mM NaCI and 7 mM phosphate is shown in Eq. 2.7.

J1

=~[(150 mMX+ ly + (I 50 mMX-IY]+ 16.88 mM = 167 mM
2

(Equation 2.7)
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This, then, is the total ionic strength for both 150 mM NaCl studies. It is important to note
that I.l = ~ 150 mM is the typical ionic strength within the inner mitochondrial membrane[35].
Therefore, the 150 mM NaCl studies actually have a higher ionic strength than what is
directly biologically relevant, although the values are still comparatively close.
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VI. Wash Procedure Optimization
When using the ATR cell, it was very important that a high standard of cleanliness
was maintained. Therefore, it was cleaned after the analysis of each cyt c sample in order to
prevent the accumulation of protein on the silica surface, and to ultimately prevent trace
amounts from causing unwanted absorption that could interfere with the absorption of
successive cyt c samples. To this end, a series of experiments was performed to optimize the
wash procedure, as the initial procedure was found to be unreliable. These experiments were
critical in obtaining reproducible, reliable results.
A. Original Wash Procedure pH Analysis

Until February of 2006, the wash procedure for the ATR cell consisted of the
following steps:
I.
2.
3.
4.
5.
6.
7.

2 rinses with deionized (DI) water.
I wash with Alconox® detergent (Sigma) for 2 minutes.
I rinse with DI water.
I wash with Acidic Water (pH 3-4) for 30 seconds.
2 rinses with DI water.
I wash with buffer for 2 minutes.
I wash with buffer.

where a "rinse" refers to adding the solution and immediately vacuuming it out, and a "wash"
refers to leaving a solution in the cell for a prescribed amount of time. The final buffer (step
7) was left in the cell for collecting baseline spectra. The specific characteristics of the
buffers used were dependent on the cyt c samples being analyzed. All buffers were either
autoclaved or filter-sterilized. This wash procedure took -7 minutes to complete. This
procedure was used for the reduced cyt c 150 mM NaCI study. With this procedure, however,
it was found that the absorption signal would inexplicably begin to fade while a set of
samples were analyzed. One hypothesis for the loss of signal was that perhaps there was a
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change in the pH on the surface of the ATR cell that was negatively affecting the absorption,
or that was not effectively removing cyt c.
To test this hypothesis, an experiment was designed to monitor the pH changes during
the ATR wash procedure. A 1 cm quartz cuvette was used in place of the actual ATR cell for
easier access with a pH probe. It was assumed that the surface of the quartz would behave
electrostatically similar to fused silica, since they are of similar composition. Two methods
were used to monitor pH. In the first method, the electrode was left in the cuvette throughout
the experiment. The details of this method can be seen in the following outline:
1.
2.
3.
4.

Quartz cuvette (cell) was rinsed three times with DI water and allowed to dry.
pH electrode was manually calibrated with mV data, rinsed, and inserted in cell.
Cell was filled with step 1 of wash procedure and mV was recorded.
Using a gel-loading pipette tip attached to a vacuum line, as much liquid as
possible was removed from the cell without removing the electrode.
5. Steps 3-4 were repeated for each step of the wash procedure.

However, there was concern that leaving the electrode in the cuvette would cause some of the
liquid from each step to be retained and to interfere with following steps, since the probe
used for these experiments incorporated a bulky plastic sheath which protected the glass of
the electrode. Since there is little protection for the fused silica surface in the ATR prism, it
was assumed that a negligible amount of liquid would be retained in the actual sample cell.
Therefore, in the second method, the electrode was taken out and washed with DI water after
each measurement. The details of this secondary method can be seen in the following outline:
1.
2.
3.
4.
5.
6.

Cell was rinsed three times with DI water and allowed to dry.
pH electrode was manually calibrated with mV data, rinsed, and inserted in cell.
Cell was filled with step 1 of wash procedure and mV was recorded.
Electrode was removed and rinsed with DI water.
Using same vacuum setup, as much liquid as possible was removed from the cell.
Electrode was replace in the cell and steps 3-5 were repeated for each step of the
wash procedure.
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During the 2. minute Alconox® wash (step 2) and the 2 minute buffer wash (step 6),
measurements were taken every 30 seconds. During the 30 second acidic water wash (step 4),
measurements were taken every 15 seconds. The methods were then compared (Fig. 2.14).
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Figure 2.14. pH analysis of original surface wash procedure
From this figure, it is apparent that both methods yield similar results. Both show an
immediate jump in pH to

~9

upon addition of the Alconox®, with very little change over the

two minute wash time. Then the pH decreased with some variation to pH 4-5 with the OJ
water rinse and acidic water wash. With the addition of the buffer, both cells rose to pH 7,
which was the pH of the buffer used.
B. Alconox® vs SDS
However, the pH data alone did not yield much insight as to why the signal might be
fading or why the protein was not thoroughly removed from the surface. Because Alconox®
is manufactured for general lab cleaning[36 J, it was determined that an alternate, more protein

37
specific detergent, should be evaluated for use in the wash procedure. Sodium dodecyl
sulfate (SDS) was a logical replacement, since it is commonly used to denature proteins
during polyacrylamide gel electrophoresis. The revised wash procedure is outlined in the
following steps:
1. 2 rinses with Dr water.

2.
3.
4.
5.
6.
7.

1 wash with 1% SDS detergent for 30 seconds.
1 rinse with DI water.
1 wash with Acidic Water (pH 3-4) for 15 seconds.
1 rinse with DI water.
1 wash with buffer for 30 seconds.
1 wash with buffer.

Additional changes were made to the wash procedure which incorporated the findings of the
previous experiment. For example, because no significant pH changes occurred after thirty
seconds of the Alconox® and buffer washes, these wash times were reduced. The time of the
acidic water wash was reduced for similar reasons.
The same methods outlined previously were used to test the revised wash procedure.
Even though the results from the two alternate methods were previously shown to have
similar results, both methods were used again for consistency. The results are shown in Fig.
2.15, on the following page. Again, there was no significant difference between the two
methods. The original wash procedure and the revised wash procedure are then compared in
Fig. 2.16. In the bottom axis in Fig. 2.16, the description before the bracket refers to the
original wash procedure, and the description after the bracket refers to the revised wash
procedure.
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The primary distinction between the two wash procedures is the pH within the cuvette during
the detergent wash (step 2, both). While the Alconox® raises the pH to 9, the SDS only
raises the pH to 5.8. In order to remove cyt c from the surface of the silica prism, it was
thought that the pH should be ~ 10, close to the isoelectric point (pI) of cyt

C[
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1.

Theoretically, at this pH the electrostatic interactions between the cyt c and the silica would
be negligible, and the protein could then be more effectively removed from the surface. At
this point it was unclear whether or not I% SDS would be strong enough to remove the
protein without increasing the pH of the solution. To determine its effectiveness, it would
need to be tested in the actual ATR cell with cyt c samples. Additionally, it was determined
that other variables should be tested in the wash procedure to determine their effect, if any.
C. NaCI Analysis
Up until this point, the wash procedure studies occurred in a I em quartz cuvette, not
in the ATR cell. The remaining wash procedure experiments were performed in the ATR cell
to analyze their effects on surface studies. The first variable that was analyzed was the
sodium chloride (NaCl) concentration in the wash buffer. In practice, the buffer's NaCI
concentration is dependent on the NaCl concentration in the cyt c samples being analyzed.
However, for this experiment, the concentration ofNaCI in the buffer solution was varied to
see if there was an appreciable difference in the absorbance of the cytochrome c samples
(which were made with a NaCl-free buffer). The hypothesis was that perhaps residual salt
from the buffer wash could be interfering with the absorbance of the protein sample and
causing it to depreciate over subsequent sampling events. Three aliquots of NaCl-free I

~M

cyt c were tested at each of four NaCI concentrations: 0, 50, 150, and 300 mM. Five ATR
scans were taken and averaged for each respective aliquot, and all fifteen scans were then
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averaged together to yield a composite scan at each NaCI concentration. The results of this
experiment are shown in Fig. 2.17, below.
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Figure 2.17. Cyt c absorption dependence on NaCI concentration
Sample: J pM oxidized cyt c, 7 mM sodium phosphate, 0 mM
NaCl, pH 7.2 (f.J = J 7 mM). Each spectrum is an average of
fifteen scans (5 scans for each aliquot).
While 0, 50, and 150 mM NaCI buffers showed similar absorption, a small decrease in
average absorption (-0.00l) is observed at 300 mM NaCl. Figure 2.18 on the following page
shows the three individual aliquots (each an average of five scans) at the 300 mM NaCI
concentration in order to elucidate the source of the depreciation in absorbance in the fully
averaged spectra.
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Figure 2.18. Cyt c absorbance with 300 mM NaCl wash buffer
Sample: 1 ;..JM oxidized cyt c, 7 mM phosphate, 0 mM NaCl, pH
7.2 (Ji = 17 mM). Each spectrum is an average of 5 scans.

By examining each separate aliquot run with 300 mM NaCl wash buffer, it is apparent that
only the third sample (s3) showed a significant drop in absorbance, while the other two
samples were at the same absorbance as the samples run with the other three NaCl buffers.
There are two potential explanations for this phenomenon. First, the third sample of cyt c
may not have been mixed thoroughly, and therefore the aliquot added to the ATR cell
actually contained a lower concentration of cyt c. However, the solution UV-Vis absorbance
spectra (not ATR) of the samples were not obtained, and therefore exact quantitation of the
protein samples is unknown. The second possible explanation is that the salt from the buffer
may have been at a high enough concentration to cause a buildup of salt on the surface of the
ATR prism, and therefore negatively affected the absorption of the cyt c. To test the second
explanation, five additional samples of cyt c were analyzed with the 300 mM NaCl wash
buffer, and their maximum absorbance was recorded at 409.55 nm. The variation in peak
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absorbance is shown in Fig. 2.19.
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Figure 2.19. Absorbance of 5 consecutive cyt c samples at 409.55 nm
From this figure, it appears that the variation in absorbance is random, and therefore is either
due to variations in the cyt c samples themselves, or in the light intensity of the spectrometer.
Because a distinct trend is not observed, the explanation of an increase in salt buildup on the
surface of the prism is not supported. It was concluded that the observed variation could be
considered within an acceptable error range.
D. Step Elimination Analysis
Because the wash procedure is the longest step in the analysis of cyt c samples, it was
important that it be optimized to be as time-effective as possible. To this end, each step of the
revised wash procedure that could potentially be removed without affecting the quality of the
wash was analyzed for elimination. The following outline shows the revised wash procedure
with the steps marked (*) for potential elimination.
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1. 2 rinses with DI water. *
1 wash with 1% SDS detergent for 30 seconds.

2.
3.
4.
5.
6.
7.

1 rinse with DI water. *
1 wash with Acidic Water (pH 3-4) for 15 seconds.
1 rinses with DI water.*
1 wash with buffer for 30 seconds.
1 wash with buffer. *

Based on these steps, five separate studies were performed:
I.
II.
III.
IV.
V.

Eliminate one DI water rinse in step 1
Eliminate both DI water rinses in step 1
Eliminate the DI water rinse in step 3
Eliminate the buffer rinse in Step 7
Based on the results of studies I-IV, all potential steps eliminated

As in the previous wash procedure experiments, for each study three different 1 ).lM samples
of cyt c were analyzed by averaging five ATR spectra for each sample (fifteen spectra total).
In the following figure, the fifteen spectra taken for each study are averaged together.
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From this preliminary data it is clear that there is no obvious effect on the quality of the wash
procedure if all noted steps are removed. The wash procedure in the following outline was
revised according to the results found in the previous studies:

1. I wash with 1% SDS detergent for 30 seconds.
2. 1 wash with Acidic Water (pH 3-4) for 15 seconds.
3. I wash with buffer for 30 seconds.
This wash procedure was used for a preliminary isotherm that was later found to have a
significant error in its sample preparation, and therefore is not included in this thesis.
However, during the data collection for that isotherm, a problem was again discovered with
the wash procedure not removing all of the cyt c from the surface of the prism. At that time, a
basic water wash was incorporated into the procedure to increase the pH in the cell to a high
enough level to thoroughly remove the cyt c from the surface. The final revised wash
procedure is shown in the following outline:

1.
2.
3.
4.

1 wash with 1% SDS detergent for 30 seconds.
1 wash with Acidic Water (pH 3-4) for 15 seconds.
2 rinses with Basic Water (pH 8-9).
1 wash with buffer for 30 seconds.

This wash procedure was used for the 7 mM phosphate, 0 & 150 mM NaCI oxidized and 0

mM NaCI reduced cyt c studies. It required less than 2 minutes to complete, a significant
time improvement over the original 7 minute procedure.
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CHAPTER 3
THEORY

I. Background

This research marks a turning point in the analysis of cytochrome c on fused silica
performed at Butler University. Previously, the molecular orientation of cyt c was calculated
following the method delineated by Cheng, Lin, Chang, and Su l7J . This method used
polarized spectra to determine the tilt angle of the porphyrin ring in the heme, and
information from that to determine the packing density of the molecules. After the method
was thoroughly analyzed by Sergio Mendes at the University of Louisville, it was determined
that it operated under the t1awed assumption that all of the cyt c molecules on the fused silica
surface have the same charge distribution, and therefore that all of the molecules would
interact with the silica in the same manner and orient themselves in the same direction. Under
this assumption, all of the cyt c molecules would have the same tilt angle, which could then
be measured using the ratio between the absorbance of the perpendicular polarizations.
However, there is no physical evidence to support the idea that the cyt c molecules
are oriented in the same direction. Therefore, rather than to continue using Cheng el. aI.' s
method, it was decided to switch to a new type of analysis developed by Runge, Rasmussen,
Saavedra, & Mendes[29J using a transfer-matrix formalism. Whereas in the previous method,
there was no way to determine how the cyt c molecules were oriented, in the new method, a
second order parameter can be used to determine the degree of order in the system.
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II. Adsorption Isotherms
Adsorption isotherms can be used to analyze the manner in which a molecule, or
more specifically, a protein, interacts with a solid surface. While it does not yield detailed
information about the orientation of the molecules or how they are packed onto the surface, it
can be used to analyze how tightly the protein molecules are bound to the surface, and to
determine the relationship between the concentration of protein in the solution and the
concentration of protein adsorbed onto the surface. A diagram of this interaction is shown in
Fig. 3.1, below, where N is the total number of adsorption sites available and
that represents surface coverage.
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Figure 3.1. Diagram of the solid-liquid interface during the adsorption process
This process is governed by two competing interactions, adsorption (protein adsorbing to the
silica) and desorption (protein going back into the bulk solution). These interactions are
described by Eq's. 3.1-3.2.

A(l)

k

ACs )

k

ad

d

)

ACs )

(Equation 3.1)

)

A(l)

(Equation 3.2)

where A(l) is the cyt c in solution, A cs } is the cyt c adsorbed to the surface, k ad is the
adsorption coefficient, and

~

is the desorption coefficient. From these equations, two first

order rate laws can be derived. These rate laws are given in Eq's. 3.3-3.4.
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~ [A(;)] = -kadCbN(l- e)

(Equation 3.3)

:t [A(s)]= kdNe

(Equation 3.4)

where C b is the bulk concentration of cyt c. In a steady state approximation, the forward and
backward reactions are equal and opposite in sign, yielding Eq. 3.5.

- kadChN(l- e)+ kdNe

=0

(Equation 3.5)

The variable for the total number of adsorption sites (N) cancels, and Eq. 3.5 can be
rearranged into Eq. 3.6

A
e =-=
A sar

kadC h
k d + kadCb

(Equation 3.6)

where A is the non-polarized absorbance of each individual cyt c sample and A sat is the
absorbance under saturating conditions. This equation can be further simplified into Eq. 3.7.

KC b
e = 1+KCb

(Equation 3.7)

kad

where K ==

kd . This

equation is the Langmuir equation published in 1916 by Irving

Langmuir[38 J. It is a popular model for systems where gas is adsorbed onto a solid surface,
and also works relatively well for systems which contain liquid as the adsorbate. The
Langmuir isotherm operates best when the following criteria are met[38 1• [39J:
1.
2.
3.
4.

Adsorption occurs on localized sites that are energetically equivalent.
No adsorbate-adsorbate interactions are present.
The amount adsorbed is limited to a monolayer.
Solvent and solute occupy the same area.

These four tenets are seldom completely accurate. In most adsorption experiments, there is
some level of imperfection in the surface used, or the adsorbed molecules interact in some
way with one another, or they may begin to form more than a monolayer. In this research, it
is likely that at saturating conditions an additional layer of proteins will begin to form on top
of the cyt c monolayer. It is also likely that the cyt c molecules interact with one another to a

48

limited extent.
In this research, non-polarized adsorption isotherms are used specifically to determine
what constitutes saturating and sub-saturating concentrations, and also to determine if the cyt
c molecules bind more or less tightly with and without salt. It is also used as a tool for
comparing oxidized and reduced cyt c. In a typical cyt c adsorption isotherm, the Soret
absorbance maximum (at A. = 409 nm and A. = 416 nm for oxidized and reduced forms) is
plotted versus Cb. The maximum absorbance increases until it levels off as Cb approaches a
certain concentration which is dependent on oxidation state and salt conditions. This
concentration is considered the saturating concentration. The previously discussed Langmuir
adsorption model is then used to fit the data.
By comparing the K ad values generated from the Langmuir tit and the saturating Soret
absorbance, general trends about the tightness of the cyt c's bond to the surface and the
conditions under which the surface becomes saturated with cyt c can elucidated.
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III. Surface Coverage Densities
While a lot of useful information can be obtained from the adsorption isotherms, it is
perhaps more important to analyze the data that can be obtained from the polarized spectra.
This data primarily consists of surface coverage (or packing) densities and order parameters.
Surface coverage density describes how many cytochrome c molecules are packed into one
square centimeter on the silica surface. On the surface there is a limited number of binding
sites that cyt c can fill, much like there is a limited number of eggs that can fit in one egg
carton. This value will vary depending on the cyt c concentration and the presence of ions in
the solution. The maximum surface coverage density reported in the literature for cyt c is 22
pmollcm 2[2 1
In this research, two different polarizations are used to obtain this data, TM and TE.
The '"right-handed" Cartesian coordinate system used is defined in Figure 3.2, with the plane
of incidence of the light beam in the x-z plane. The TE polarization has only a y
component, while the TM polarization has both an x and a z component. A diagram of this
system is shown in Fig. 3.2.
z

•

JI

Figure 3.2. Diagram which shows the
coordinate system and light polarization
Heme structure adapted from [21}.
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In this diagram, the surface of the fused silica prism which interacts with the cyt c is the x-y
plane. The angle

e shown in Fig. 3.2 is the angle between the normal to the heme group and

the surface normal, sometimes called the heme tilt angle.
In order to calculate the packing densities for a given sample set, a transfer-matrix
formulism is used. As described in detail by Runge, et. al. {29], when performing transfer
matrix calculations of the electric field in ATR studies, it is important to include both the real
and imaginary components of the complex refractive index. The imaginary component is
defined as the dichroic extinction coefficient, composed of kx, ky , and k z. The real component
is defined as the birefringent refractive index, composed of 11x, 11y, and 11z.
TE polarized data is dealt with first because it has contains only the y component of
the complex refractive index, and therefore is simpler to manipulate. The real component of
the complex refractive index along the y axis (l1y) is given an initial estimated value, and the
value for the imaginary component along the y axis (k y) is iteratively varied to match the
calculated and experimental TE absorbance. Next, the TM polarized data is analyzed, with
calculations that involve both the x and the z components of the complex refractive index. In
order to simplify these calculations, the assumption is made that for films that are randomly
adsorbed from a bulk phase, as the cyt c films on the fused silica are, the optical constants are
symmetric in the plane. Under this assumption it can be stated that 11x = 11y and kx = kyo Then
a value for the real component of the complex refractive index is estimated along the z axis
(l1z). Finally, a value for the imaginary component in the z direction (k z) that matches the

calculated and experimental TM absorbance is iteratively determined.
Once all three components of the imaginary part of the complex refractive index have
been determined, the surface coverage density (r) can be calculated using Eg. 3.8.
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4Jr(k + k + kr)1

x y
r = -'-------..:....,...~=--

(Equation 3.8)

36'Aln(1O)

where

E

is the molar absorptivity of the cyt c, the t is the thickness of the layer defined by the

linear dimensions of cyt c (25 x 25 x 37 A)1401, and A, is the wavelength of the Soret peak.
Using

r

obtained from Eq. 3.8, the molar absorptivity of cyt c, and a Kramers-Kronig

relation[29 J, the initial estimates for the real components of the complex refractive index (llx,
lly, and llz) are refined. Using these new values for ll, a similar iterative process is used as

before to generate refined values for the imaginary components (k x, k y, and kz). From these
values,

r

is recalculated, and used again to refine the

T]

values. This iterative process is

repeated until the values converge, usually after 2 - 5 loops. This final value of r is the value
used to analyze cyt c. This process is performed using a Mathematica program designed by
Sergio Mendes.

IV. Order Parameters
The other data that can be obtained using polarization spectroscopy is the second
order parameter. This order parameter can be used to determine the average molecular
orientation of the protein molecules. In other words, it describes the amount of order in the
system. The values for order parameter range from -I to 1, where -1 and I represent perfect
order and 0 generally represents perfect disorder, but can also indicate a 'magic angle' where
the protein is perfectly ordered.
The order parameter can be calculated once the imaginary component of the complex
refractive index has been elucidated (k x, k y, and kz). Cyt c is treated as a circular absorber,
with two orthogonal dipoles in the heme plane. Therefore, the order parameter is calculated
using Eq. 3.9[29].

(cos
where

2

2k z
B)=I- kx+ky+k

z

(Equation 3.9)

e is defined as in Fig. 3.2, as the angle between the normal to the heme plane and the z

axis. The second order parameter is then calculated using Eq. 3.10.

(P2(COS e));:::

%( cos

2

e) - ~

(Equation 3.10)

The second order parameter is the value that is used in this work to analyze the molecular
orientation distribution of cyt c.
There is another order parameter that can be used to more conclusively determine the
heme tilt angle of the protein, the fourth order parameter. However, in order to calculate the
fourth order parameter, an independent means for calculating the second order parameter
must be used, which is not possible using the current system.
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CHAPTER 4
RESULTS

I. Fitting Data
In order to systematically analyze the data obtained for the oxidized and reduced
cytochrome c studies, it was necessary to average, smooth, and fit the raw spectra obtained
from attenuated total internal reflection spectroscopy.
A. Raw Spectra
ATR spectra (surface spectra) of cyt c exhibit the same characteristics of solution
spectra, indicating that no major confonnational change occurs when the protein binds to the
surface (at least in the vicinity of the heme). A comparison between a typical, unaveraged
surface spectrum and a typical solution spectrum for the same concentration of cyt c is shown
in Figure 4.1 on the following page.
Figure 4.1 also indicates that surface spectra exhibit much more noise than solution
spectra. Therefore, multiple spectra are recorded for each sample and averaged together to
reduce the noise. Non-polarized spectra have the least amount of noise, and therefore only
five spectra are taken for each sample. For TM and TE polarized spectra, however, 12 and 17
spectra are obtained. The relationship between sample size and the signal to noise ratio can
be seen in Eq. 4.1.

~a.j;,
N

where S is signal, N is noise, and n is the number of samples.

(Equation 4.1)
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Figure 4.1. A comparison of surface and solution spectra.
The blue plot represents a single non-polarized surface spectrum, The inset
red plot represents a single solution spectrum. Sample: 0.97 jiM reduced cyt
c, 7 mM phosphate, J mM ascorbate, 0 mM NaCl, pH 7.2 (j.J = J 7 mM).
These spectra are then ensemble averaged. Before performing the ensemble averaging, all
spectra are verified to have similar baselines and profiles by overlaying the scans. An
example of this overlay procedure for a non-polarized set of data is shown in Figure 4.2.
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Figure 4.2. Overlay of 5 non-polarized spectra of one sample
Sample: 0.97 jiM reduced cyt c, 7 mM phosphate, J mM
ascorbate, 0 mM NaCl, pH 7.2 (j.J = J 7 mM).
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Next, these five spectra are ensemble averaged into a single spectrum, shown in Fig. 4.3.
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Figure 4.3. Ensemble averaged non-polarized spectrum.
The blue line represents a 5-scan averaged spectrum. Sample: 0.97 JIM
reduced cyt c, 7 mM phosphate, 1 mM ascorbate, 0 mM NaCl, pH 7.2 (11 =
17 mM).
In order to further reduce the amount of noise, this spectra is then subjected to a 2-point
moving average, or smoothing, meaning that for four points A, B, C, and D, A and B would
be averaged to fonn point 1, points Band C would be averaged to fonn point 2, C and D
would be averaged to fonn point 3, and so on throughout the entire spectrum. After the
smoothing was complete, the spectrum would also be vertically adjusted so that the x axis
bisected the noise in the 600-700 nm region. An example of a 2-point smoothed, vertically
adjusted spectrum can be seen in Fig. 4.4, on the following page. This data workup procedure
is followed for each of the three data sets (non-polarized, TM polarized, and TE polarized)
for each sample.
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Figure 4.4. Smoothed and height-adjusted non-polarized spectrum.
The blue line represents a 5-scan averaged, 2-point smoothed, vertically
adjusted spectrum. Sample: 0.97 JiM reduced cyt c, 7 mM phosphate, 1
mM ascorbate, 0 mM NaCl, pH 7.2 (j..t = 17 mM).
At this point in the procedure, the spectrum is ready to be fit with a solution spectrum.
B. Fitting Reference
Because the ATR spectra were very noisy, especially at low concentrations of cyt c, it
was necessary to fit these surface spectra with a single solution spectrum that would more
clearly delineate the peaks in the spectra. To this end, a UV-Vis solution spectrum was
obtained at a high concentration of cyt c (-50-100 I-lM) which contained the same buffer
elements as the cyt c samples that were analyzed via ATR. For example, if an oxidized, 7
mM phosphate, 150 mM NaCI data set were to be fit, then an oxidized, 7 mM phosphate, 150

roM NaCI sample would be used to obtain the fitting reference for that set. A fitting reference
spectrum was chosen that strongly displayed the characteristic peaks of cyt c, particularly the
Soret band, the

a/~

band (oxidized cyt c) or the a and

~

bands (reduced cyt c), and a flat
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region between 600 and 700 run. Once obtained, this spectrum would be nonnalized to 1 and
smoothed. As with the surface spectra, the smoothing was done with a 2-point smooth. An
example fitting reference is shown in Fig. 4.5.
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Figure 4.5. Example of a fitting reference spectrum
The red line is a single solution spectrum that has been normalized to 1 and
2-point smoothed. Sample: 47.6 fIM reduced cyt c, 7 mM sodium phosphate,
omM NaCl, 1 mM ascorbate, pH 7.2 (f.l = 17 mM).

This single fitting reference was then overlaid onto every surface spectrum (non-polarized
and polarized) in the data set in order to determine the maximum absorbance of the Soret
peak and the wavelength at which it occurs in a consistent manner. After the surface
spectrum has been vertically adjusted, the fit reference spectrum is applied. The fit reference
is then adjusted to fit the surface spectrum by altering the height of the fit reference's Soret
peak to visually match the surface spectrum's Soret peak. In doing this, the fit reference
would be adjusted to bisect the noise in the Soret peak (409 run for oxidized cyt c, 416 run
for reduced cyt c) and in the 430-500 run region. It was not necessary to bisect the noise in
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the 600-700 run region. Then the fit reference would be adjusted horizontally to more
accurately fit the Soret peak. At this point, the maximum absorbance of the Soret peak is
recorded as the maximum absorbance of the overlaid fit reference, and the wavelength at
which the maximum absorbance is found (A.-max ) is recorded as well. An example of a fitted
spectrum is shown in Fig. 4.6.
0.012

I

•

0.009
Q)

u

C

l'Cl

...0

.0

0.006

III

.0

<I:

Q)

...~

0003

Q)

>

<I:

0000

I

., '"

.~"W

J

, d
w.4l~1

I-Smoothed -Fitl

-0.0033~

--------------
400
500

600

700

Wavelength (nm)

Figure 4.6. Example of a fit spectrum.
The blue line represents the 5-scan averaged, 2-point smoothed non
polarized surface spectrum, The red bold line represents the fitting
reference. Sample: 0.97 j.iM reduced c.yt c, 7 mM phosphate, 1 mM
ascorbate, 0 mM NaC!. pH 7.2 (J.1 = 17 mM).
In cases where the signal to noise ratio was particularly high, such as at low concentrations of

cyt c or at TE polarization, the fitting reference was overlaid onto the spectra twice: once as a
high fit and once as a low fit. These two fits were then averaged to get the maximum
absorbance of the Soret peak that was previously masked by noise. An example of a double
fit is shown for TE-polarized oxidized cyt c in Fig. 4.7. It is important to note the low
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absorbance values of the spectrum, and, more importantly, the high amount of noise relative
to the overall amount of signal produced.
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Figure 4.7. Example of a double fit TE-polarized spectrum.
The blue line represents the 17-scan averaged, 2-point smoothed TE-polarized
surface spectrum, the pink line represents the fit reference for the high fit of the
spectrum, the green line represents the fit reference for the low fit ofthe spectrum,
and the red bold line represents the average ofthe high and low fits. Sample:
0.13 jiM oxidized c.yt c, 7 mM phosphate, 0 mM NaCl, pH 7.2 (I-' = 17 mM).

In this manner, a fitting reference is used to fit the data for each sample of cyt c. The best
signal to noise ratio observed at the Soret peak at high concentrations of cyt c was ~ 14, while
the worst signal to noise ratio observed at low concentrations of cyt c was

~O.5.

Once the

signal to noise ratio dropped below ~2 the Soret peak was virtually indistinguishable from
the surrounding noise.
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II. Adsorption Isotherms
Once all of the spectra have been fit for each sample in a particular data set, a
Langmuir adsorption isothenn can be assembled, as discussed previously. In a typical
isothenn, the Soret absorbance maximum (at A = 409 nm and A = 416 nm for oxidized and
reduced fonns) is plotted versus bulk concentration (C b). The maximum absorbance increases
until it levels off as C b approaches a certain concentration which is dependent on oxidation
state and salt conditions. This concentration is considered the saturating concentration. The
previously discussed Langmuir adsorption model is then used to fit the data (Eq. 3.7).
In Figs. 4.8 - 4.11, adsorption isothenns are displayed in pairs which allow them to
be easily compared. Two different kinds of comparisons will be made. First, in Figs. 4.8 and
4.9, comparisons between the absence and presence of 150 mM NaCl will be made for each
type of cyt c. Next, in Figs. 4.10 and 4.11, comparisons between oxidized and reduced cyt c
will be made for each type of salt concentration.
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III. Surface Coverage Densities
The next sets of data that can be analyzed are the surface coverage densities for each
data collection. The surface coverage density can be analyzed in two ways. First, it can be
plotted against the bulk concentration (C b) to yield an isotherm-looking plot where at sub
saturating protein concentrations, the surface coverage density is significantly lower than at
saturating protein concentrations. The most important value in these plots is the maximum
surface coverage density, which is taken as the average of the surface coverage densities at
saturating cyt c concentrations. The second method of analysis is by plotting the second order
parameter against surface coverage density. These plots are shown in the following section
on order parameters.
As before, in Figs. 4.12 - 4.15, surface coverage densities vs Cb plots are displayed in
pairs which allow them to be easily compared. Two different kinds of comparisons are made.
First, in Figs. 4.12 and 4.13, comparisons between the absence and presence of 150 mM
NaC1 will be made for each type of cyt c. Next, in Figs. 4.14 and 4.15, comparisons between
oxidized and reduced cyt c will be made for each type of salt concentration.
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Figure 4.15. Surface coverage densities for 0 roM NaCI.
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IV. Order Parameters

The last sets of data are the second order parameters for each data collection. The
order parameters can, like the surface coverage densities, be analyzed in two ways. First, it is
plotted against bulk concentration (C b) to determine relationships between the concentration
of protein in the solution and the amount of order present in the cyt c molecules on the fused
silica. In looking at an order parameter plot, it is important to note any non-zero values, and
how far from zero they are. The closer to 1 or -1 the order parameter values are, the more
order is present in the system.
The second set of plots show the second order parameter plotted against the surface
coverage density. These plots are perhaps the most useful because they allow the relationship
between exactly how many proteins are on the surface and how well those proteins are
ordered to be elucidated. More importantly, they can be used to identify trends that give clues
as to what causes an increase in the order of the system, or what causes an increase the
disorder of the system.
As before, in Figs. 4.16 - 4.19 and 4.20 - 4.23, order parameters vs C b plots and order
parameters vs.

r

plots are displayed in pairs which allow them to be easily compared. Two

different kinds of comparisons are made. First, in Figs. 4.12 and 4.13 and Figs. 4.20 and
4.21, comparisons between the absence and presence of 150 mM NaCI will be made for each
type of cyt c. Next, in Figs. 4.14 and 4.15 and Figs. 4.22 and 4.23, comparisons between
oxidized and reduced cyt c will be made for each type of salt concentration.
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Samples: Oxidized cyt c, 7 mM phosphate, with 150 mM NaCI (Jl = 167 mM) and 0 mM NaCl (Jl
= 17 mM), pH 7.2. Each point is the second order parameter plotted against surface coverage
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Figure 4.21. Second order parameter vs surface coverage for reduced cyt c.
Samples: Reduced cyt c, 7 mM phosphate, I mM ascorbate, with 150 mM NaCl (Jl = 167 mM)
and 0 mM NaCI (Jl = 17 mM), pH 7.2. Each point is the second order parameter plotted against
surface coverage density.
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Figure 4.22. Second order parameter vs surface coverage for 150 mM NaCI.
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Figure 4.23. Second order parameter vs surface coverage for 0 mM NaCl.
Samples: Oxidized cyt c, 7 mM phosphate, 0 mM NaCl, pH 7.2 (J-l = 17 mM) and Reduced cyt
c, 7 mM phosphate, I mM ascorbate, 0 mM NaCl, pH 7.2 (J-l = 17 mM). Each point is the
second order parameter plotted against surface coverage density.
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VI. Summary

In summary, all of the data that was collected and presented in the previous three
sections is presented in Table 4.1, below.
Table 4.1. Collected data for all of the measured parameters used to analyze cyt c.
Oxidation
Max
K aLi
INaCI)
r
<P2(cos8»
Il
(M'I)
(mM)
ABS
State
(pmol/cm-)
(mM)
14 ± 1
-0.15±0.05
0.15±0.05
OXidized
Oxidized
o0
12 x 10'
10° I 0.0091 ± 0.0008
17
~

7±2
0.03 ± 0.08*
167
0.1 x 106 0.0070 ± 0.0004
Oxidized
150
6
15 ± 1
-0.04 ± 0.03
lOx 10 0.0124 ± 0.0005
17
Reduced
0
lOb
0.4
x
0.0046 ± 0.0005
5± 1
0.07 ± 0.04
Reduced
150
167
'" This order parameter data has a higher standard deviation than average value, indicating
that the daw is very scattered.
These values and the trends they indicate will be discussed in more depth in the following
chapter.
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CHAPTERS
DISCUSSION

I. Overview

In this chapter the implications and trends present within the cyt c adsorption
isotherms, surface coverage densities, and order parameters previously presented will be
discussed. An understanding of the theory behind these parameters (Chapter 3) is assumed.
The ATR spectra were used to monitor the oxidation state of the heme iron, as well as
the concentration and orientation of cyt c on the silica surface. For the reduced cyt c studies,
the shape and location of the spectral bands was monitored for evidence of oxidation over the
course of the experiments. Generally, little to no oxidation took place during the collection of
a data set. Indeed, using the methodology discussed in Chapter 2 to reduce cytochrome c was
found to be highly successful, as it was discovered that a month after a reduced cyt c data set
was collected, the capped and refrigerated protein samples were still fully reduced.
It should also be noted that the addition of 150 mM NaCl was not found to change the

spectral features of the cyt c, nor did it lead to a noticeable change in the oxidation state of
the heme iron.
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II. Adsorption Isotherms
The adsorption isotherms were perhaps the most superficial data collected from the
cytochrome c data collected using ATR spectra. However, they nevertheless indicate some
interesting and important trends regarding cyt c. First, the importance of ionic strength on the
binding of the cyt c molecules to the fused silica can be analyzed. Second, the difference
between the binding ability of oxidized and reduced cytochrome c under varying salt
conditions can be elucidated.
In Figure 4.8, the adsorption isotherms are compared for oxidized cyt c with and
without 150 mM NaCI. The Langmuir fit to these two data sets indicates that oxidized cyt c
has a considerably higher adsorption constant, or

Kad,

when no salt

(~

= 17) is present (12 x

106 M- 1) than when 150 mM NaCI (~= 167) is present (0.1 x 106M- I ). Likewise, in Figure
4.9, a similar trend is noted for reduced cyt c, with a K ad of lOx 10 6 M- I when no salt is
present, and a Kad of 0.4 x 106 M- 1 when 150 mM NaCl is present. Overall, the calculated Kad
value is 25 times higher for cyt c samples that have no added NaCI in their buffers.
When this trend is given physical meaning, it indicates that in samples containing no
added NaCI, the cyt c adsorbs to the silica surface readily at fairly low concentrations of cyt
c. In other words, when no NaCI is present, the silica surface exhibits a high affinity for
cytochrome c, even at very low concentrations. When 150 mM NaCI is present, however, the
cyt c adsorbs to the silica surface more readily at higher concentrations of cyt c. This
observation indicates that when 150 mM NaCl is present, the silica surface exhibits a lower
affinity for cytochrome c. This trend is visually evident in the gradual sloping curve of the
adsorption isotherm at 150 mM NaCI, as opposed to the almost vertical initial curve in the
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adsorption isotherm at 0 mM NaCI that indicates a higher affinity for the protein on the silica
surface at lower concentrations.
This difference in adsorption constants can be logically explained by the change in
NaCI concentration. When no added NaCI molecules are present, there is nothing present in
the solution to interfere with the positive and negative charges on the cyt c molecule or with
the negatively charged fused silica. Therefore, there is nothing present to interfere with the
binding process, and the cyt c can readily bind to the fused silica. However, when 150 mM
NaCI is added to the samples, there is suddenly a significant amount of positively charged
sodium ions and negatively charged chloride ions floating in solution. The negatively
charged chloride ions will be attracted to the positively charged amino acid residues that are
exposed on the cyt c molecule, particularly to the cluster of lysine residues that are believed
to be in the primary region in which the cyt c molecule binds to a negatively charged
surface[]]'

[8J.

Moreover, the positive sodium ions will be attracted to the negatively charged

silica, and will possibly occupy some of the binding sites previously available to the cyt c. In
general, the addition of positive and negative ions weakens the electrostatic attraction
between the cyt c molecules and the fused silica, resulting in weaker adsorption to the silica
at low concentrations of cyt c. At higher concentrations of cyt c, there are more cyt c
molecules present, and therefore the interaction with the sodium and chloride ions is more
easily overcome, and the cyt c molecules can bind more readily to the surface.
While there is a very noticeable difference between the adsorption behavior of cyt c
with and without 150 rnM NaCI present for both oxidized and reduced cyt c, there is very
little significant difference when comparing oxidized and reduced cyt c isotherms whose
samples contain the same concentration of NaCl. When no added NaCI is present, the
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oxidized and reduced cyt c isothenns are essentially identical in their adsorption behavior.
Oxidized cyt c has a K ad value of 12 x 106 M- 1, which is very similar to reduced cyt c's Kad
value of lOx 106 M- 1. This similarity indicates that oxidized and reduced cyt c bind to the
surface in a very similar manner, with low concentrations of cyt c binding readily to the
fused silica in both cases.
Continuing the earlier discussion of the effect of positive and negative ions at 150
mM NaCI on the binding of cyt c to fused silica, it can be put forth that the additional ions
interact with cyt c of both oxidation states in a similar manner, and therefore lead to similar
adsorption behavior at 150 mM NaCl.
In addition, the cyt c samples with 0 mM NaCl tended to exhibit higher saturating
absorbance values than did those samples with 150 mM NaCl. However, when oxidized and
reduced cyt c were compared at the two different salt concentrations, it was found that at 0
mM NaCl, reduced cyt c had a higher overall saturating absorbance (0.0124 ± 0.0005) than
oxidized cyt c (0.0091 ± 0.0008), while at 150 mM NaCI, oxidized cyt c had a slightly higher
saturating absorbance (0.0070 ± 0.0004) than reduced cyt c (0.0046 ± 0.0005). When
analyzing the complete isothenn data as opposed to only the data out to 120 flM cyt c
(Appendix I), it is apparent that the absorbance of oxidized cyt c tends to continue to climb at
both concentrations of NaCl, and does not distinctly level off at a given value. However, data
is lacking for reduced cyt c at very high concentrations, and therefore a solid conclusion
cannot be drawn regarding the saturating absorbance for oxidized and reduced cyt c.
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III. Surface Coverage Densities
The second set of data that was derived from the ATR spectra are surface coverage
densities. This data is acquired through calculations which use the TM and TE polarized
Soret band absorption. Surface coverage density describes the number of cytochrome c
molecules that can be packed into one square centimeter of the silica surface. Like the
adsorption isotherm data, the surface coverage density data can be explained physically in
terms of both the differences that occur with increasing ionic strength, and also the
similarities that are found between oxidized and reduced cyt c.
First, in Fig. 4.12, surface coverage densities are compared for oxidized cyt c without
NaCl (Il = 17 mM) and with 150 mM NaCI (j.L = 167 mM). In both data sets it is apparent that
as the bulk concentration of cyt c increases, the surface coverage density increases as well.
However, while the surface coverage density of oxidized cyt c with 150 mM NaCI increases
almost linearly over the entire concentration range, the surface coverage density of oxidized
2

cyt c with 0 mM NaC1 immediately jumps to -] 2 pmol/cm at very low concentrations of cyt
c (-2 j.LM), and slowly increases over the rest of the concentration range. Overall, this figure
shows a two-fold difference in saturating surface coverage densities for oxidized cyt c at
different ionic strengths, with a r of 14 ± ] without NaCl and 7 ± 2 with 150 mM NaCI.
Likewise, similar trends are seen for reduced cyt c with and without 150 mM NaCI in
Fig. 4.13. While the surface coverage density trend at 150 mM NaCI is not quite as linear as
it was for oxidized cyt c at 150 mM NaCl, it does show a gradual increase in surface
coverage density before begilUling to level off. At 0 mM NaCI, the surface coverage density
almost immediately jumps to ~ 16 pmol/cm before becoming level. It should be noted that in
2

both of the reduced cyt c data sets, the surface coverage density appears to reach a much
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more distinct plateau than it does for both of the oxidized cyt c data sets. Overall, this figure
shows a three-fold difference in saturating surface coverage densities for reduced cyt c at
different ionic strengths, with a

r

of 15 ± 1 pmollcm2 without NaCI and 5 ± 1 pmollcm 2 with

150 mM N aCl. Overall, there is a greater difference between reduced cyt c with and without
NaCI than between oxidized cyt c with and without NaCl.
Next, in Fig. 4.14, surface coverage densities are compared for oxidized and reduced
cyt c at 150 mM NaCI. It is readily observed that the surface coverage density for both
oxidized and reduced cyt c increases similarly as the concentration of cyt c is increased.
Likewise, it appears that the surface of the silica becomes saturated at the same time, and
statistically similar saturating surface coverage densities are observed, with 7 ± 2 pmollcm 2
observed for oxidized cyt c and 5 ± 1 pmollcm 2 observed for reduced cyt c.
Likewise, in Fig. 4.15 it can be seen that surface coverage densities for oxidized and
reduced cyt c are fairly similar at 0 mM NaCI. Both show immediate increases in surface
coverage density when no NaCI is present. However, the saturating surface coverage for
reduced cyt c is visibly higher than for oxidized, although they are statistically similar, with a

r

of 15 ± 1 pmollcm 2 for reduced cyt c and a

r

of 14 ± 1 pmollcm2 for oxidized cyt c.

Given physical meaning, the interpretation of these results is consistent with the
interpretation of the results from the adsorption isotherms previously discussed. When no
NaCI is present, the silica surface is almost immediately saturated with a monolayer of either
oxidized or reduced cyt c molecules. Once the surface reaches saturation, equilibrium is
established, and overall, the number of cyt c molecules on the surface does not change. On
the other hand, when 150 mM NaCI is present, there is a constant competition for binding
sites between the cyt c molecules and the sodium ions. Therefore, a much higher
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concentration of cyt c is required to obtain a saturated surface under these conditions, if it is
even possible at all. For the 150 mM NaCl studies that were presented in this work, the
surface coverage densities of reduced and oxidized cyt c never reached the same value as in
those studies performed without additional NaCl. This observation indicates that the
competition for binding sites is so high that it appears that it will never allow for the same
degree of saturation as when the ions are not present.
At maximum saturation on the silica surface (0 mM NaCl), a monolayer with a
surface coverage density of ~ 15 pmol/cm 2 is obtained. According to the literature, a close
packed monolayer of cyt c has a maximum surface coverage density of 22 pmol/cm 2 (2 J.
According to this value, only about 80% of a close-packed monolayer is formed on fused
silica. However, this value is calculated from the crystallographic dimensions of the protein,
and does not compensate for the enviromnent in which the protein is found naturally or in

vitro. Therefore, if it is assumed that a cyt c molecule occupies more space in solution than in
crystallized form, then the

r

values obtained using ATR are probably more biologically

relevant than the r values calculated from cyt c's crystal structure.
Indeed, these results are consistent with a study performed by Collinson and
Bowden(J9J, in which they measure adsorption isotherms and surface coverage densities for
reduced cyt c adsorbed to tin oxide electrodes, a process which relies primarily on
electrostatic interactions (just as the adsorption of cyt c onto fused silica does). Their study
reported a three-fold difference in saturation surface coverage densities, with
pmol/cm 2 at pH 7.0, 10 mM phosphate, and

r = 6.8 pmol/cm2 at pH 7.0,

r

=

18

150 mM phosphate.

These results on tin oxide are very similar to the results shown in Fig. 4.13, even though
NaCI was used for ionic strength in this work instead of potassium phosphate.
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IV. Order Parameters
Like surface coverage density, the second order parameter is calculated using TM and
TE polarized Soret absorbance data. However, unlike surface coverage density, describing
the physical meaning of the second order parameter is not a trivial task. The second order
parameter deals with the relative level of order present on the fused silica surface at any
given concentration of cyt c. For the purposes of this work, any non-zero value indicates
some degree of order. While neither negative nor positive values are of greater order per se,
the overall trend of negative and positive values can be discussed.
First, in Fig. 4.16, the distribution of the second order parameter, <P2( cos8»
oxidized cyt c is compared for

a mM NaCI

While the second order parameter at

(~

= 17 mM) and 150 mM NaCl

(~=

of

167 mM).

a mM NaCl is predominantly the same across the entire

oxidized cyt c concentration range (-0.15 ± 0.05), the second order parameter at 150 mM
NaCl is scattered across the concentration range, with a standard deviation that is greater than
the mean value (0.03 ± 0.08). Because the value is very close to zero, it indicates a low
degree of order. Therefore, it can be stated that there is a greater degree of order at lower
ionic strengths than at higher ionic strengths for oxidized cyt c.
In Fig. 4.17, the distribution of the second order parameter, <P2( cos8» of reduced cyt
c is given with and without 150 mM NaCI. Unlike the trends discussed for oxidized cyt c,
reduced cyt c shows a somewhat higher degree of order for 150 mM NaCI than for
NaCl. At 0 mM NaCI, reduced cyt c has a <P 2(cos8»
mM NaCl, it has a <P 2 (cos8»

a mM

value of -0.04 ± 0.03, while at 150

value of 0.07 ± 0.04. Therefore, overall, the 150 mM NaCI

shows a slightly greater degree of order than the 0 mM NaCI, contradicting the trend
observed for oxidized cyt c. However, since these values are on such a small scale, it may be
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more to the point to simply observe that some degree of order is present in the data set.
General comparisons can be made between the second order parameter values for
reduced and oxidized cyt c. In Fig. 4.18, it can be seen that while the oxidized 150 mM NaCl
data set is fairly scattered, both it and the reduced 150 mM NaCI data set tend to have
positive values. Similarly, in Fig. 4.19, it can be seen that the second order parameters for
both oxidized cyt c and reduced cyt with 0 mM NaCI tend to have negative values, with those
of oxidized cyt c being more negative (i.e. more ordered) than reduced cyt c. Therefore,
overall there is not a distinct trend for second order parameter vs bulk concentration between
reduced and oxidized cyt c.
The second order parameter can also be plotted against surface coverage density in an
attempt to elucidate trends in the data. First, Fig. 4.20 compares these plots for oxidized cyt c
with and without 150 mM NaCl. As before, the plot for 150 mM NaCI is fairly scattered,
with no distinct trend in order parameter or surface coverage density. However, a trend may
be seen in the 0 mM NaCI data. It appears that at low surface coverage densities «6
pmol/cm2) there may be a trend towards greater order. However, more data would be needed
to further clarify this trend. Because low surface coverage density tends to go hand in hand
with low cyt c concentration, it is important to generate more data in the sub-saturating
regions of the concentration range.
For a comparison between reduced cyt c with and without 150 mM NaCI, Fig. 4.21
can be used. Again, while there is not a distinct trend in the 150 mM N aCI, there may be a
trend present in the 0 mM NaCl. Apart from one data point (r

= 1.36,

<P2(cos8»

= 0.04),

there appears to be a trend towards greater order as the surface coverage density decreases.
This potential trend can be compared to the potential trend in oxidized cyt c at 0 mM NaCI in
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Fig. 4.23. Both data plots show a similar decrease in order parameter with decreasing surface
coverage density. Again, in order to determine whether this truly is a trend or merely a
coincidence, more sub-saturating data would need to be obtained.
In summary, for most of the data sets presented in this work, non-zero values of
<P2( cose»

are observed, indicating that there is some degree of order of the cyt c molecules

on the fused silica surface. However, there is currently no way to determine how to interpret
that degree of order. One theory is that some of the cyt c molecules are aligning in a similar
fashion on the fused silica surface. This idea is supported by the fact that all cyt c molecules
exhibit the same distribution of charge and, ignoring protein-protein interactions, should
interact with the fused silica in the same way. If there is a trend towards increasing order at
sub-saturating conditions of cyt c, it could be that the protein-protein interactions are
minimized at these concentrations. Therefore the previously stated assumption holds true,
and the cyt c molecules align in the same direction. Additional sub-saturating data is
necessary to help support or reject this theory. In addition, finding a way to measure the
fourth order parameter in addition to the second would lead to the obtainment of additional
data, particularly the heme tilt angle.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS

I. Conclusions
In conclusion, polarized ATR spectroscopy has proven to be a very useful tool for
examining cytochrome c on a fused silica surface which electrostatically mimics the natural
membrane upon which the protein exists. By acquiring adsorption isotherm data and surface
coverage density data, trends have been elucidated regarding the consequences of increasing
ionic strength, as well as the remarkable similarities between reduced and oxidized cyt c.
Overall, this work supports the theory that when ionic strength is increased to 150
mM NaCI

(~=

167 mM), the added ions interact with both the negative and positive charges

on cyt c, as well as with the negatively-charged silica. This interaction causes a decrease in
the strength of the electrostatic attraction between the positively charged residues on cyt c
and the fused silica, causing the cyt c molecules to bind more weakly. This weakening in
attraction results in lower calculated K ad values, lower maximum absorbance values, and
lower surface coverage densities.
Finally, the non-zero values of the second order parameter, <P2(cos8»

support the

theory that cyt c molecules are not just positioned in arbitrary conformations on the fused
silica, but rather show an overall degree of order, suggesting that the cyt c molecules, at least
to some extent, may align themselves according to their charges on the fused silica surface.

83
II. Future Directions

One of the biggest challenges facing the study of cytochrome c on fused silica is
diminution in signal as the concentration of cyt c decreases. This lack of signal is particularly
important at high concentrations of NaCI because at high ionic strength there is increased
competition for binding sites, especially at low concentrations of cyt. This competition leads
to a very low observable signal. Because the calculation of the Kad value is very reliant on
these absorbance values, and because the behavior of cyt c at such low concentrations may
have important biological relevance, it is important to find a way to better monitor the
absorbance at low concentrations of cyt c. More sub-saturating data would also lead to a
more complete, conclusive story regarding the surface coverage densities and the degree of
order of cyt c on fused silica.
One way to analyze low concentrations of cyt c is through the use of a multipass ATR
cell. In a multipass cell, a waveguide is constructed that allows the incident radiation to
undergo multiple bounces within the cell. Each time the incident radiation comes into contact
with the sample on the silica surface, some radiation is absorbed. Because there are multiple
bounces, radiation is absorbed multiple times, and the signal increases considerably. Whereas
the ATR setup discussed in this work allows the radiation to bounce onto the sample only
once, in a multipass cell the radiation can bounce onto the sample upwards of 10,000 times,
creating an enormous increase in signal, even at low concentrations of cyt c. Therefore, using
this technology would allow us to more definitively analyze samples at very low
concentrations of cyt c. After more thoroughly mapping out the trends that occur at low
concentrations, the data of sub-saturating concentrations can be better understood and more
directly compared to data of saturating concentrations.

However, the use of a multipass cell must occur in a clean room environment to
ensure that no contaminants from the environment interact with the sample. The interference
from a contaminant in a multipass cell would result in an absorbance value that is greatly
different from a typical absorbance value, since the signal is so drastically increased.
Moreover, a multipass cell is constructed using microfabrication techniques that are not
currently available at Butler University. Since this is the most promising area for further
research on cyt c adsorbed to fused silica, collaboration has begun between the Butler
University lab and Dr. Sergio Mendes's lab at the University of Louisville, where there is
both a clean room and access to microfabrication instrumentation.
Another potential future direction is to explore more thoroughly what happens when
key components of the samples - such as ionic strength - are varied. Instead ofjust analyzing
cyt c at two different ionic strengths (/-l

=

17 & ] 67 mM), it might be helpful to analyze it at

multiple ionic strengths, including different NaCI and phosphate concentrations. Much of this
research has been performed already on oxidized cytochrome c and has been discussed in
other works[33J. [4IJ. However, no other salt or phosphate concentrations have been used with
reduced cyt c. In order to thoroughly compare oxidized and reduced cyt c using single pass
polarized ATR spectroscopy, a wider range of ionic strengths should be analyzed. In
addition, the incorporation of other salts instead of sodiwn chloride would also be interesting
to study. In particular, it would be interesting to analyze larger salts which may take up more
binding spots on the fused silica surface and therefore have an increasingly detrimental affect
on the adsorption and surface coverage density of cyt c.
The last major area that future research could be performed in deals with finding a
more biologically relevant way to analyze reduced cytochrome c. In the single-pass ATR
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setup described in this work, oxidized cyt c molecules are first chemically reduced and then
exposed to a fused silica surface, where they subsequently adsorb. However, this is not what
happens in vivo. In the body, cytochrome c exists on the inner mitochondrial membrane
where it alternately binds to the cytochrome c 1 of Complex III and to the cytochrome c
oxidase of Complex IV. The oxidized cyt c receives an electron from Complex III, causing it
to become reduced, and then transfers the electron to Complex IV, causing it to become
oxidized again. In order to properly model this behavior in vitro, the protein must be able to
switch between the two states while it is already adsorbed to the silica. In this manner the in
vivo conformational changes of the protein can be more clearly elucidated. Current research
has not yet shown to what degree the conformation of cyt c changes when it undergoes
reduction on a surface. In order to fully understand the chemical mechanisms at work, it is
important to find a way to carry out this kind of research.
There are two potential systems that could be used to monitor this switch without
using electrochemical methods (i.e. reducing the cyt c using a potential). The first system is
the development of a flow cell. In this system, a sample cell would be designed that would
work with the existing ATR sample cell so that the protein could be monitored and analyzed
using the same methods discussed in this work. However, instead of having a system where
the protein is injected into the cell, analyzed, and subsequently removed, a flow system
would be setup wherein the cyt c sample would first be injected, given time to adsorb, and
analyzed in the oxidized form. Then a small sample of strong chemical reductant (e.g.
sodium dithionite) would be allowed to flow into the cell, theoretically reducing the
cytochrome c that is adsorbed to the silica. Then the reductant would flow out of the cell, and
a buffer containing a milder reductant (e.g. 1 mM ascorbate) to maintain the reduced
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oxidation state would flow into the cell. Finally, the protein would be analyzed in the reduced
form, and then removed from the silica surface.
There are numerous problems that can be foreseen with this method. The most
obvious problem is the initial engineering issue of designing a proper flow cell around the
hardware already in place in the ATR cell. It is probable that the current setup would have to
be completely redesigned in order to allow tubing to flow into and out of the cell without
affecting the paths of the incident and transmitted radiation. The second major problem is the
assumption that the cyt c is going to remain adsorbed to the silica when exposed to a flow. It
is highly probable that the cyt c - while certainly adsorbed somewhat to the silica - is not
tightly bound to the surface, and will therefore be removed from the surface when exposed to
the flow of the solutions. Indeed, even if the cyt c remained on the surface during an initial
buffer wash, the addition of a strong reductant may cause the cyt c to become dislodged from
the sUlface, since the sodium dithionite is likely to interact with the fused silica as well.
These are all problems that must be overcome in order to build a working flow cell.
Perhaps a more optimal method of analyzing reduced and oxidized cyt c with the
same batch of protein molecules comes in the form of nanoparticles. Some research has
already been performed with denaturing oxidized cyt c on nanoparticles using different
alcohols[ 42 1. In that work, the author describes two different methods of denaturing the
proteins and analyzing them with the nanoparticles. In the "nano before" method, the
nanoparticles are exposed to oxidized cyt c and allowed to equilibrate overnight before being
rinsed and exposed to denaturant. In the "nano after" method, the oxidized cyt c molecules
are exposed to the denaturant and then exposed to the nanoparticles.
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In order to modify this research for studying reduced cyt c, it is imperative that both
methods be analyzed, but that more weight be given to the "nano before" method. In this
method, the nanoparticles would be exposed to oxidized cyt c and allowed to equilibrate
overnight. Then they would be rinsed and then exposed to a reductant. Several different
reductants of different strengths could be analyzed to find which would work the quickest
and most efficiently with the nanoparticles. Then the nanoparticles would be washed again to
remove any excess reductant, and then would be analyzed using UV-Vis spectroscopy.
The nanoparticles are much more convenient to analyze because they do not require
an ATR setup. They can be analyzed in simple quartz cuvettes instead. However, because the
nanoparticles are always moving and rotating in solution, it will not be possible to generate
the same kind of data as with ATR. For instance, the surface coverage density and the second
order parameter could not be calculated. However there are other kinds of data that could be
acquired using nanoparticles that is not possible to obtain using ATR spectroscopy. The most
useful data would come in the form of circular dichroism (CD) spectra. These spectra give
information about the secondary structure of protein molecules. They can yield information
about the changes in the protein's alpha helices, and about whether there is a distinct
difference in the secondary structure of oxidized and reduced cyt c. This data will help
generate a more realistic idea of what is actually happening on the mitochondrial membrane.
Therefore, it can be concluded that there are several different areas of future research
that are certainly worth pursuing, and all of them will help to complete the scientific
understanding of the mechanisms that occur as cytochrome c functions within our cells.
Moreover, a characterization of cyt c will also lead to a more thorough understanding of
similar membrane-bound proteins.
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APPENDIX 1
INDIVIDUAL PLOTS

I. Overview
In this appendix the individual plots for each adsorption isotherm, surface coverage
density plot, and order parameter plot are presented in their entirety. Two of the data sets are
carried out to relatively high concentrations of cyt c: oxidized cyt c, 0 mM NaCl and
oxidized cyt c, 150 mM NaCl studies. It is apparent in some of these plots that there could be
trends occurring at concentrations above 120 j.lM cyt c, which was the end of the data shown
in Chapter 4. However, there is not currently enough data to conclusively support these
trends, and therefore they were not previously discussed.
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II. Adsorption Isotherms
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Figure 1. Adsorption isotherms for oxidized cyt c, 0 mM. NaCl.
Samples: Oxidized cyt c, 7 mM phosphate, 0 mM NaCI (J.1 == 17 mM), pH 7.2. Each point is
the abs at An,aY (-409 nm) ofthe average of5 spectra. Calculated Kad == 12 x J(j lvr}
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Figure 2. Adsorption isotherms for oxidized cyt c, 150 mM. NaCl.
Samples: Oxidized cyt c, 7 mM phosphate, 150 mM NaC[ (J.1 == 167 mM), pH 7.2. Each point
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III. Surface Coverage Densities
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Figure 5. Surface coverage densities for oxidized cyt c, 0 mM NaC!.
Samples: Oxidized cyt c, 7 mM phosphate, 0 mM NaCI (J.1 = 17 mM), pH 7.2. Each point is the
suiface coverage density plotted against bulk concentration.
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IV. Order Parameters
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Figure 9. Second order parameters for oxidized cyt c, 0 mM NaC!.
Samples: Oxidized cyt c, 7 mM phosphate, 0 mM NaC! (f-i = 17 mM), pH 7.2. Each point is the
second order parameter plotted against bulk concentration.

'OOj~

1

0.75

0.50

~ 025~ ~.

. . .

000

(J'

......

--;;;
~
V

I

••

•

.

.

•

-D.25

-0.50

-D.75

-100

o

100

200

300

400

500

600

700

Cb(I-!M)
Figure 10. Second order parameters for oxidized cyt c, 150 roM NaCl.
Samples: Oxidized cyt c, 7 mM phosphate. 150 mM NaC! (f-i = 167 mM), pH 7.2. Each point
is the second order parameter density plotted against bulk concentration.

I

98

1.00

0.75

0.50

f\
CD

0.25

.

en

0

f.)

.....
l:L.
V

0.00

•

•

'

-0.25

-0.50

-0.75

-1.00

J
0

10

20

30

50

40

60

C b (J,LM)
Figure 11. Second order parameters for reduced cyt c, 0 mM NaCI.
Samples: Reduced cyt c, 7 mM phosphate, 1 mM ascorbate, with 0 mM NaC! (J.L = I7 mM), pH
7.2. Each point is the second order parameter plotted against bulk concentration.
1.00

0.75

0.50

- J'••-•.•-•
f\
CD

0.25

en

0

.£.

•

V

0.00

l:L.'"
V

-0.25

-0.50

-0.75
-1.00

I

o

..__....

20

40

_

60

80

100

120

C b (IJ.M)
Figure 12. Second order parameters for reduced cyt c, 150 mM NaCI.
Samples: Reduced cyt c, 7 mM phosphate, 1 mM ascorbate, with 150 mM NaC1 (J.L = 167 mM),
pH 7.2. Each point is the second order parameter plotted against bulk concentration.

99

-1.00 L
o . . - . -- - -

.-.---- - - - - - 
40

20

80

60

100

r

(pmol/cm

140

120
2

160

180

200

)

Figure 13. Second order parameter vs surface coverage for oxidized cyt c, 0 mM NaCI.
Samples: Oxidized cyt c, 7 mM phosphate, with 0 mM NaCI (J.1 = 17 mM), pH 7.2. Each point is
the second order parameter plotted against swface coverage density.
1.00

0.75

0.50

-

•••
• •• •
••
••

0.25

1\

a:>
IJ'I
0

-'"
(J

0.00

0..
V

..

.,. • •

-0.25

•

••
•
I

•

-0.50

-0.75

-1.00
0

2

4

6

8

r

(pmOl/cm

10
2

12

14

16

)

Figure 14. Second order parameter vs surface coverage for oxidized cyt c, 150 mM NaCI.
Samples: Oxidized cyt c, 7 mM phosphate, with 150 mM NaCl (J.1 = 167 mM), pH 7.2. Each
point is the second order parameter plotted against suiface coverage density.

100

1.00

0.75

0.50

/I.

0.25

CD
IJI

0

(,J

0.00 I

•

'(::j
V

•

•

0...
-0.25

'"

-0.50

-0.75

-1.00
0

2

4

6

10

8

1 (pmol/cm

12

2

16

14

18

)

Figure 15. Second order parameter vs surface coverage for reduced cyt c, 0 mM NaC!.
Samples: Reduced cyt c, 7 mM phosphate, 1 mM ascorbate, with 0 mM NaCI (IJ. == 17 mM), pH
7.2. Each point is the second order parameter plotted against swface coverage density.
1.00

II

0.75

:I

0.50

/I.

CD
IJI

0

(,J

0.25
0,00 I

•

I

.

•
III

•••,

I

•

!,

0...'"
V

-0.25

-0.50

-0.75

_ _ _J

-1.00
0

2

3

5

4

1 (pmol/cm

2

6

7

)

Figure 16. Second order parameter vs surface coverage for reduced cyt c, 150 mM NaC!.
Samples: Reduced cyt c, 7 mM phosphate, I mM ascorbate. with 150 mM NaCl (IJ. == 167 mM),
pH 7.2. Each point is the second order parameter plotted against surface coverage density.

8

<

101

APPENDIX 2
ADDITIONAL INFORMATION

I. Summary

This appendix includes a collection of documents related to this thesis. First, the
conference abstract is presented for a poster that was given at the National American
Chemical Society meeting in September, 2006 in San Francisco, CA. This poster was given
the summer after the majority of the data presented in this work was obtained. Second, the
author's Curriculum Vitae is presented, as of the time this work was written. Finally, the
Journal of Physical Chemistry C publication that is referenced in the text is presented. This
publication presents the data discussed in this work, with a focus on the reduced cytochrome
c data

Comparison of Surface Adsorption Between Reduced and Oxidized Cytochrome c
on Fused Silica

Casey M. Kraning 1, Kayla S. Bloome l , Carrie Ann Hedge l , Ken D. Clevenger], Tara L.
Beni, Todd A. Hopkins', Geoffrey C. Hoops), and Meng-Chih Su3 . (1) Department of
Chemistry, Butler University, Indianapolis, IN 46208, ckraning@butIer.edu, (2) Department
of Chemistry, Stanford University, (3) Department of Chemistry, Sonoma State University

Attenuated total internal reflection (ATIR) polarization spectroscopy was used to study the
adsorption of oxidized and reduced cytochrome c on a hydrophilic fused silica surface. With
the Soret band absorption at - 410 nm of the heme as an optical probe, surface adsorption
was characterized by adsorption equilibrium constants, protein orientation on the surface, and
surface packing densities. Variation of surface adsorption as a function of ionic strength
provided information about the surface effect on these surface-bound protein molecules. The
tendency of protein unfolding can be inferred by the study of surface adsorption effects.
Spectroscopic results from the surface-bound cytochrome c in both the oxidized and reduced
forms were compared at different ionic strengths in the sample solutions to reveal the
interactions of the protein with a negatively charged surface at the molecular level.
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Determination of Surface Coverage and Orientation of Reduced Cytochrome c on a Silica
Surface with Polarized ATR Spectroscopy
Casey M. Kraning, Tara L. Benz, Kayla S. Bloome, Gregory C. Campanello,
Victoria S. Fahrenbacb, Sheetal A. Mistry, Carrie Ann Hedge, Ken D. Clevenger,
Keith M. Gligorich, Todd A. Hopkins,·,t Geoffrey C. Hoops, Sergio B. Mendes,t
Huan-Cbeng Chang,§ and Meng-Cbih SUi
Department of Chemistry, Burler University, 4600 Sunset Avenue, Indianapolis, Indiana 46208,
Department of Physics and Astronomy, University of Louisville, l.ouisville, Kentucky 40292,
Institute of Atomic and Molecular Sciences, Academia Sillica, P.O. Box 23-116, Taipei, Taiwan 106,
Republic of China, and Department of Chemistry, Sonoma State University, Rohnert Park, California 94928
ReceilJed: March 8, 2007; In Final Form: June 18, 2007

Linearly polarized attenuated total internal reflection (ATR) spectroscopy is used to study the adsorption
properties of reduced cytochrome c to a silica surface. The adsorption equilibrium constant, surface coverage,
protein orientation, effect of Nael, and pH dependence are determined for the adsorption of reduced cytochrome
c onto a silica surface. Surface coverage results (at pH 7.2) show that reduced cytochrome c packs onto the
silica surface at <80% of a dosely packed monolayer. The protein orientation distribution as measured by an
order parameter is shown to be dependent on thE: surface coverage and solution pH. All of the results for the
surface adsorption of reduced cytochrome c on silica are indicative of an dcctrostatically driven interaction.
The results for reduced cytochrome c are compared to surface adsorption results for oxidized cytochrome c
on silica. These results indicatE: that there is no significant difference in the adsorption behavior correlating
to the oxidation state of this heme protein.

Introduction

heme absorbance spectra of reduced and oxidized proteins show

PrOlein adsorption to solid surfaces is a topic of considerable
imerest, because of its importance in biosensors, chromatogra
phy, biocompatibility, and many biotechnology applications.
Understanding of surface adsorption properties of proteins and
charaeterization of protein thin films are critical to the further
development of many of these technologies. Attenuated total
internal retlection (ATR) spectroscopy has proven to be a useful
tool for studying proteins adsorbed to a variety of surfaces. 1-8
[n ATR measurements, the limited penetration of the evanescent
wave provides information about proteins confined to the surface
without interference from proteins in the bulk solution. [t
provides a direct measure of the surface coverage along with
an indication of any conformational changes that occur. I
Utilizing polarized ATR spectroscopy allows for the determi
nation of an order-parameter of the molecular orientation of
surface-bound proteins. This technique has been especially
useful for studying the adsorption behavior of heme-containing
proteins. 1- 8
Cytochrome c is a globular protein wilb well-characterized
structural and spectroscopic properties? It functions as a redox
protein that utilizes a change in the oxidation stale of the iron
~t the center of the heme group for electron transfer. Oxidized
cywchrome c is characterized by iron in a +3 state (ferric) and
reduced cytochrome c has iron in a +2 state (ferrous), and NMR
structures exist for each oxidation state of the protein. lO• ll The
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a., fJ, and Soret band (y) spectroscopic features that are
characteristic of and provide a means of monitoring the oxidation
state of the protein. 11 Under near-neutral pH conditions,
cytochrome c is positively charged, which provides an electro
static driving force for its adsorption to negatively charged
surfaces (e.g., phospholipid membranes, tin oxide, and silica).
Cytochrome c has proven to be an ideal prototype protein
for adsorption studies to a host of different surfaces, including
(but certainly not limited to) silica oxynitride,lJ silica,l gold,14
and others. 15.16 However, the majority of studies of cytochrome
c adsorption properties are limited to the oxidized form of
cytochrome c. Even in studies fotlowing the electrochemical
propenies of films of cyLOchrome c, the oxidized form is used
in the adsorption process, and then an electric potential is used
to change the oxidation state of the adsorbed protein. 17 - 19 One
notable exception is a comparison study of the adsorption of
both oxidized and reduced cytochrome c to a lin oxide
electrode. 2o Even in thaI study the results for reduced cyto
chrome c on tin oxide were considered "problematical" by Ihe
authors.:w Therefore, tbe objective of this research effort is to
obtain an understanding of the adsorption properties of reduced
cytochrome c to a silica surface, which is a model negatively
charged surface. One of the goals of the study is to provide a
basis for comparison with electrostatically driven adsorption of
oxidized cytochrome c.
[n this study, ATR spectroscopic measurements are utilized
to study the adsorption of reduced cytochrome c to a silica
surface. Adsorption isothemls are characterized for both oxida
tion slates of the protein, using the strong Soret absorption band
of reduced (~416 nm) and oxidized cytochrome c (~409 nm)
in ATR measurements. The effect of ionic strength, specificatly

1O.1021/jp071896y CCC: $37.00 © 2007 American Chemical Society
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Adsorption Properties of Reduced Cytochrome c
NaCI, on the adsorption isotherms of reduccd cytochrome c to
silica is investigatcd. The polarized ATR measurements are used
to determine an order-parameter for the orientation of surface
bound reduced cytochrome c, the surface coverage, and adsorp
tion equilibrium constants for reduced cytochrome c on the silica
surface. These results are comparcd with results from the
adsorption of oxidized cytochrome c on silica, and the similari
ties arc discussed. The pH dcpendcnce of both surface coverage
and order parameter is also investigated for reduced cytochrome
c on silica surface.
Experimental Section
Oxidized Cytochrome c Preparation. Horse heart cyto
chrome c was obtained commercially (Sigma) and used without
further purification. It was dissolved in deionized water to give
an approximate concentration of I mM. The protein was injccted
into a dialysis cassette (Pierce) and dialyzed in an autoclaved
10 mM NaCI solution at 5 "c for ~20 h. The concentration of
the stock was then determined spectroscopically, using the molar
absorptivity coefficicnt of the Soret peak of oxidized cytochrome
c (E40l\ = 1.06 x 10"' M- 1 cm- 1).21 For the oxidized cytochrome
c adsorption studies, the stock solution was diluted to concentra
tions in the 0.1-200 #M range, using phosphate buffer (7 mM)
at pH 7.2. For pH dependence studies, the stock solution was
diluted with 7 mM phosphate buffer for (pH 3.75 and> 4.75)
and 7 mM succinatc huffer for pH 4.00-4.75.
Reduced Cytochrome c Preparation. The ~ I mM oxidized
cytochrome c stock solution was reduced with sodium dilhionite
(0.29 M) at room temperature in phosphate buffer (3 mM) at
pH 7. The reduced protein was immediately purified by size
exclusion chromatography (Sephadex G-25 in 10 mM phosphate
buffer, pH 7.0, under inert N z atmosphere). To maintain the
reduced state, 1 mM L-ascorbic acid was added to the cyto
chrome c stock solution. The reduced stock solution was storcd
under an inert Nz atmosphere at 4 "C, and the concentration
was dctermined spectroscopically, using thc molar absorptivity
coefficient of the Sorel peak of rcduced cytochrome c (E416 =
1.29 x J()5 M-l cm- I)22 For the reduced cytochrome c
adsorption studies, the reduced stock solution was diluted to
concentrations in the 0.1-60 #M range, using phosphate buffer
(7 mM) with and without 150 mM NaCI at pH 7.2. L-Ascorbic
acid was addcd to each sample to a final concentration of 1
mM. For pH dependence studies, the stock solution was diluted
with 7 mM phosphate buffer for pH 3.75 and >4.75 and 7 mM
succinate buffer for pH 4.00-4.75. All samples were analyzed
within 1 h of preparation to prevent oxidation during the study.
However, under the conditions described here, the samples were
later found to maintain their reduction for at least 1 month when
kept tighlly capped at 4 "c.
ATR Spectroscopy. The face of a right-angle fused silica
prism (CVl) served as the silica surface for cytochrome c
adsorption. The surface has a specified flatness of A/lO (A =
633 nm) and was used as received. Prior 10 use, the prism was
thoroughly cleaned with standard cleaning solutions, rinsed
extensively with deionized water, and dried with methanol.
The absorption spectra over rhe 300-700 nm wavelength
range of free and surface-bound protein molecules were acquired
with a UV-vis spectrophotometer (Cary 50). A fused silica
prism in a single-pass ATR arrangement was used for the
measurement of the surface-bound proteins. The prism was
inserted into the compartment of the speclrophotometer in a
manner similar 10 that of the solution sample cell. In the ATR
measurement, the evanescent wave detected the adsorbate via
the internal reflection of the Ughl through the right-angle prism
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on which a static sample cell was situated. The sample cell was
made of a modified rubber O-ring (~26 mm diameter),
separating the prism from a glass plate. This assembly was held
in place by a custom-made stainless SLeel mounting block. The
space (~0.5 mL) created by the O-ring was filled with the
sample solution in the individual measurcments. To ensure that
the protein surface adsorption had reached equilibrium before
collecting ATR spectra, the Soret absorbance was monitored
during sample introduction. After the absorbance reached a
conslant and maximum level (typically <5 min), ATR spectra
were acquired.
Linear dichroism spectra were measured with a dichroic
polarizer (Bolder Vision Optik), which has a manufacturer
specified extinction ratio of 2.5 x 10- 3 over the 400-430 nm
wavelength range (Le., Soret absorption range). The polarizer
was mounted on a rotary precision stage (Thor. Labs) for
selection of the light polarization (TE- or TM-polarized). For
each ATR sample, 5 nonpolarizcd spcctra and 12-17 of each
polarized spectra were acquired. All of the absorption spectra
were collected at room temperature. For any single adsorption
isotherm (e.g., variable reduced cytochrome c concentration, 7
OlM phosphate data), the prism was held in a constant position
with respect to the incident radiation in order to ensure that the
same surface location was probed for each measurement.
The ATR cell was cleaned following the removal of each
protein sample with a series of five washes: 1 wash with 1%
(w/v) SOS detergent for ~30 s, 1 wash with acidic walcr (pH
3-4) for ~ 15 s, 2 washes with hasic watcr (pH 8-9), followed
by a wash with autoclaved 7 mM phosphate buffer (pH 7.2)
for ~30 s. The buffer wash was used for baseline scans.
Following the wash procedure, the concentration of adsorbcd
cytochrome c on the prism was below spectroscopic detection
limits.
Data Analysis. The ATR spectra for each polarization were
averaged together and smoothed with a 2-point moving average.
Because of the relatively small signal, the averagcd and
smoothed ATR spectra were then fitted with a solution spectrum
to determine the location and absorbance of the Soret band.
The filling solution spcctrum was chosen based on the clarity
of the absorbance of its Soret band and the prcsence of a
relatively flat reference baseline in the 600-700 nm region
where no absorbance is observed. The observed spectroscopic
structure and band shapcs are identical for solution and ATR
surface spectra. The lilting solution spectrum is taken under
the same solution conditions as the ATR data 10 be analyzed,
and is typically from the higher end of the cytochrome c
concentration range. The fitling solulion spectrum is overlaid
onto the averaged and smoothed ATR spectrum, so thai its
baseline hisects the noise in the 600-700 nm range, and it fits
the maximum absorbance value of the ATR speclfa. For
particularly noisy spectra, especially polarized spectra, an upper
and lower limit of absorbance were determined by adjusting
the fitting solution spectrum to enclose the upper and lower
portions of the noise in the Soret band ignoring random large
noise peaks. These two spectra were averaged to determine
wavelength and absorbance values.
Theory Section
For trealing our polarized ATR data we employed the
theoretical formalism described in ref 5, which combines a
rigorous transfer-matrix calculation and a Kramers- Kronig
transformation to determine in a self-consistent manner the real
and imaginary parts of the refraclive index, the surface coverage,
and the second-order orientation parameter of a surface-adsorbed
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Figure 1. Schematic showing !.he angle, e, between the normal to the
heme group and the surface nonnaJ, coordinate syStem, and polarization
of tbe incident light beam. The slructure of the heme is adaptcd from
ref 11.
protein film. The adopted Cartesian coordinate system is defined
in Figure I with the plane of incidence of the light beam in the
x-z plane, and therefore the electric field in the TE polarization
has only a y-component and in the TM polarization it has
components along the x and z axis. The sample (film/prism)
surface is then the x-y plane.
As described in detail in ref 5, TE polarized absorbance data
are considered first because it involves only the y-component
of the complex refractive index. The real part of the refractive
index of the protein film along the y axis (n y) is initially
estimated, and the value for ky is iteratively varied to match the
calculated and experimental absorbances. Next, TM absorbance
data are considered, where the calculations involve both x and
z components of the complex refractive index. However, for
films that are randomly adsorbed from a bulk phase we can
assume in-plane symmetry for the optical constants, which allow
us to write ftI = ny and kI = kyo Then a value for the real portion
of the refractive index along the z axis (n,) is estimated and a
value for k, that matches the calculated and experimental
absorbances is iteratively determined. Once the imaginary parts
of the refractive index along each Cartesian axis are determined,
then the surface coverage (f) can be calculated through the
following relation:'

4n(kI

+ k + k,)t

y
[' = -------"---'---

3E}, 10(10)

(1)

where E is the molar absorptivity of the dissolved molecule and
1 is the thickness of the layer defined by the linear dimension
of the protein. The real portion of the refractive index of this
layer depends on the solute and solvent concentration in the
layer. For the adsorbed cyt c tllms examined here, we have used
the surface coverage obtained from eq I, the molar absorptivity
of cytoehrome c measured over a broad spectral range, and a
Kramers-Kronig relation to refine the initial estimate for the
real part of the refractive index along each Cartesian axis, ny,
with y = x, y, z. Once refined ny values are determined, the
previously described routine is repeated to generate new refined
values of k y and r, which are used to further refine values of
n y . This iterative process typically converges in 2-5 loops.
Once the dichroic values of the imaginary part (kI , ky, and
k,) have been obtained, then an average molecular orientation
described by <cos2 (J> can be determined. In the case of

= -

-

~_ _
~ (rwn)~

~

~

Figure 2. Nonpolarized ATR absorbance spectra of reduced cyto
chrome c adsorbed to a silica surface from 5.77 ,uM reduced cytochrome
c, pH 7.2, 7 mM phosphatc, 1 mM ascorbic acid. Noisy blue speclrum
is the averagc of 5 scans with 2-point smoothing, and the smooth red
line is a fit to the data using a solution speclrum.
cytochrome c with two orthogonal dipoles in the heme plane,
which defines a circular absorber, we have'
( cosze) = 1 -

2k,

~+ k,
':t

Y

(2)

..

where (J is the angle between the normal to the heme plane and
the z axis. The second-order parameter is then calculated by
(P 2 (cos8)

3 (cos 2)
1
=2
(J - 2

(3)

Results and Discussion
Adsorption Isotherms. Figure 2 shows an example of a
nonpolarized ATR absorbance spectrum of reduced cytochrome
c adsorbed to a silica surface from a 5.77 ,liM bulk solution
concentration at pH 7.2. The Soret (y) band location at 416 run
and the sharp 0. band at 550 nm are indicative of reduced
cytochrome c (i.e., Fe2+), whereas the Soret band shifts to ca.
409 nm and the 0. band broadens into (he fJ band (520 run) in
the oxidized form of cytochrome C. Thcrefore, the A TR spectra
can bc used to monitor the oxidation state of the heme iron as
well as the concentration and orientation of cytochrome c on
the silica surface. The shape and location of the spectra were
monitored for evidence of oxidation over thc course of these
experiments. The addition of 150 roM NaCl did not change the
location or shape of the spectral features of cytochrome c
(spectrum not shown).
Figure 3 shows adsorption isotherms of reduced cytochrome
c on fused siLica with (150 roM) and without NaCI. The
adsorption isotherms are plots of ATR absorbance (Soret band
~416 nm) vs bulk solution reduced cytochrome c concentration.
The cytochrome c concentration spans 0-60 (no NaCl) and
0-100,liM (150 roM NaCl). Each of the data sets shown were
fit to a Langmuir adsorption model

Kad Asa,Cb

A=---

1 + KadCb

(4)

where A is the absorbance, KaiJ is the adsorption equilibrium
constant, Asa • is the absorbance upon saturation of the surface
(i.e., all adsorption sites are occupied), and Cb is the concentra
tion in bulk solution. The data in Figure 3 fit reasonably well
to the Langmuir adsorption model in eq 4, and the values of
the equilibrium constants are Kad = 1.0 X 10 7 M-I (no NaCI)
and 4.0 x lOS M-I (150 roM NaCl). Comparison of the
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Figure 3. Adsorption isotherms (A TR absorbance vs bulk concentra
tioo (Cb» of reduced cytochrome c on fused silica. Each sample is pH
7.2.7 mM phosphate buffer, I mM ascorbic acid with 150 mM NaCl
(squares) and without (circles). The solid lines represent Langmuir fitS
(eq 1) to the data
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7.2,7 mM phosphate, I mM ascorbic acid: 0 (circles) and ISO mM
(squares) NaCI.
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Figure 4. Polarized ATR absorbance spectra for reduced cytochrome
c adsorbed to a silica surface under solution conditions: 5.77,uM
reduced cytochrome c, pH 7.2, 7 mM phosphate, I mM ascorbic acid.
Noisy blue spectrum is TM polarized data, and the smooth blue
spectrum is the fit to these data. Noisy red spectrum is TE polarized
data, and the smooth red specnum is the fit to these dara using a sollltioo
spectrum.

isotherms shows that the presence of 150 mM NaCl results in
a decrease of A max by a factor of 2 and a decrease of K.d by a
factor of 20. Under these ex.perimental conditions (pH 7.2) the
interaction between cytochrome c (positively charged) and the
silica surface (negatively charged) is primarily electrostatic, and
the results with additional NaCl are consistent with an ionic
strength mediated interaction between cytochrome c and the
silica.
Surface Coverage and Orientation. Figure 4 shows the
polarized ATR absorbance spectrum of reduced cytochrome c
adsorbed to fused silica from a 5.77 pM concentration bulk
solution. As described in the Theory Section, the TE and TM
polarized data (as shown in Figure 4) were used in our
calculations to determine the surface coverage (n and the order
parameter, (Pz(cosO», of reduced cytochrome c adsorbed to
silica.
Figure 5 shows plots of the surface coverage of reduced
cytochrome c on a silica surface with and without 150 mM
NaCl. With no NaCI added, the maximum surface coverage is
r = 18 pmoVcm2, which is around 3 times the maximum surface
coverage with 150 mM NaCl. On the basis of the crystal
lographic dimensions of the protein,5 a close-packed monolayer
of cytochrome c would have a surface coverage of ca 22 pmoV
cm2 • Therefore, even at the lowest ionic strength, the thin mm

Figure 6. PlotS of the order parameter, (P2(COSe» vs surface coverage
of reduced eywchrome C 00 silica, pH 7.2, 7 mM phosphate. I mM
ascorbic acid: 0 (circles) and 150 (squares) roM NaCI. The dashed
line is iocluded to show (P2(COSe» = o.

of reduced cytOchrome c is no more than 80% of a monolayer
on a silica surface. Collinson and Bowden measured adsorption
isotherms for reduced cytochrome c adsorbed to tin oxide
electrodes,20 which is also dominated by electrostatic interac
tions. This study reported saturation surface coverages of r ~
18 pmol/cm2 at pH 7.0, 10 mM phosphate, and r = 6.8 pmoll
cm2 at pH 7.0, 150 m.1v1 phosphate. 2o The results on tin oxide
are almost identical with the results in Figure 5 even though
NaCI was used for ionic strength in this study instead of
potassium phosphate.
Figure 6 shows how the order parameter, (P2(COSO», of
reduced cytochrome c adsorbed to a silica surface varies with
surface coverage for both, with and without NaCI. The data in
Figure 6 show a small but distinct NaCI dependence to the order
parameter. With no NaCI, the order parameter is slightly
negative, ca. -0.10, where it is slightly positive, ~0.05, with
150 mM NaC!. These measured order parameters, while small,
are nonzero, which indicates that the protein orientation
distribution is not completely random. Figure 6 also shows a
difference in the surface coverage dependence of the order
parameter. The order parameter for the 0 mM NaCI data gets
more negative (ca. -0.20) at surface coverage <6 pmol/cm z,
which indicates a more ordered protein tUm at the lowest surface
coverages. This contrasts with the 150 mM NaCl data, which
show no change in the order parameter down to surface coverage
<4 pmol/cm2 .
pH Dependence. The pI of cytochrome c is ~ 10.5 and the
pK. of silica is ca 2-3, which means that there is a favorable
electrostatic interaction between pH 3 and 10.5. Figure 7 shows

13066 J. Phys Chern. C, Vol. 111, No. 35, 2007

• •

Kraning et al.

TABLE 1: Summary of Adsorption Isotherm Results for
Reduced Vs Oxidized Cytochrome c on a Silica Surlace.
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Figure 7. Surface coverage vs pH for reduced cytochrome c adsorbed
to a silica surface from J ,/.1M cyt c, 7 mM phosphate (or succinate), 1
ruM ascorbic acid, ISO ruM NaCI solution.

oxidized cyt c, pH 7.2,
7 mM phosphate
reduced eyt c, pH 7.2,
7 mM phosphate,
1 ruM ascorbic acid
reduced cyt c, pH 7.2,7 mM
phosphate, 1 mM ascorbic
acid, 150 ruM NaCI
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• Adsorption equilibrium constant detennined by fitting isotherm data
to eq 4. b Values for order parameter arc reponed for saturated surface
conditions only. The uncertainty in the order parameter is approximately
0.10. C Surface eoverage values for saturated surface conditions only.
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Figure 8. Plot of the order paramcter, (P2(cos8», vs pH for reduced
cytochrome c adsorbed to a silica surface from J JIM cyt c, 7 mM
phosphate (or succinate), J mM ascorbic acid, 150 mM NaCI solution.
The dashed line is included to show (P2(cos8» = O.
the pH-dependent surface coverage of reduced cytochrome c
from a 1 ,uM solution containing 150 mM NaCl, over the pH
range 3.75-10.5. The lowest pH data point recorded was above
the pK. of silica, because the reduced cytochrome c underwent
oxidation at the silica surface below pH 3.75. No surface
coverage was observed above pH 10.5 (~pl of protein), because
the interaction between the silica surface and protein is no longer
electrostatically favorable.
The pH dependence of the order parameter of reduced
cytochrome c adsorbed to silica is shown in Figure 8. Over the
pH range 6-9, the order parameter is roughly constant,
(P2(cos8» ~ 0.05, which corresponds to the average order
parameter reponed in Figure 6 for the ISO rnM NaCI data. At
the low «5.5) and high (>9) pH ends, the value of (P 2(cos8»
decreases to ca. -0.15. At the extremes of the pH range it is
difficult to eliminate the possibility of a conformational change
in the protein, which could cause the observed order parameter
changes. Because of the dominance of electrostatic interactions,
it is also reasonable to expect that at these pH values the
orientation clistribution of reduced cytochrome c on silica would
be considerably clifferent than that at near-neutral pH. From the
measurements presented in this paper, it is not possible to say
with certainty the cause of the pH dependence of the order
parameter shown in Figure 8.
Comparison with Oxidized Cytochrome c. The adsorption
of oxidized cytochrome c (i.e., Fe(IlI) in heme group) to silica
has been investigated in a number of previous stuclies. I- 6 The
surface coverages reponed range from 11 to 22 pmollcm2 for
solutions with 7 -10 mM phosphate. IS Because of the signi fIcant
differences in reported values, an adsorption isotherm with
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Figure 9. PI0L of the order parameter, (P2(cos8» vs bulk concentration
for (red circles) reduced cytochrome c (pH 7.2, 7 mM phosphate, 1
rnM aseorbic acid) and (green triangles) oxiclized cytochrome c (pH
7.2,7 mM phosphate) adsorbed to a silica surface. The dashed line is
included to show (P2(cos8» = O.
polarized ATR spectra was measured for oxidjzed cytochrome
c (0-100 ,uM), pH 7.2, 7 mM phosphate buffer in order to
compare with reduced cytochrome c surface adsorption under
almost identical experimental conditions. Results from the
adsorption isotherm of oxidized cytochrome c are presented in
Table 1 along with a summary of the reduced cytochrome c
adsorption results. The adsorption equilibrium constants, order
parameters, and surface coverage are shown for oxidized and
reduced (0 and 150 mM NaCI) cytochrome c on a silica surface.
Comparison of the results shows that the Kad (12 x 10 6 VS 10
x 106 M- 1) and (P 2(cos(J» (-0.15 vs -0.10) are not signifi
cantly clifferent for oxidized vs reduced cytochrome c. The
surface coverage at saturation is ~80% of a close-packed
monolayer for both oxiclized and reduced cytochrome c on siljca.
For a more complete comparison, Figure 9 shows plots of
the order parameter vs surface coverage for oxidized and
reduced cytochrome c adsorbed to a silica surface. It is elear
that the data in Figure 9 show more similarities than differences.
The data show the same general surface coverage dependence
in the order parameters for both oxidation states of the protein.
The most siguiticam difference between the data sets is that
reduced cytochrome c reaches a larger maximum surface
coverage. However, the amount of scatter in the inclividual data
points makes it extremely difticult to dertve quantitative
conclusions from these comparisons. Even considering this
uncertainty, the data provided in Table 1 and Figure 9 indicate
that the oxidation state of cytochrome c plays little role in the
adsorption properties of the protein on a siliea surface.
It is imponaTIt to note in this discussion that ATR measure
ments of the heme spectra in this study do not show any
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evidence of conformation changes D ,24 in either oxidation state
of the protein upon adsorption to silica. While previous
studies2.1.24 show that heme spectra are sensitive Lo conforma
tional changes in cytochrome c. it is not a "global" measurement
of protein structure. Therefore, it is impossible to say with
absolute certainty that cytochrome c (reduced or oxidized) does
not undergo any conformation change upon adsorption.
Conclusions
Polarized ATR measurements are used to measure adsorption
isotherms, order parameters, surface coverage, and pH depen
dence of reduced cytochrome c adsorbed to a silica surface.
The electrostatic nature of the protein-silica interaction is
demonstrated in the ionic strength dependent isotherm and
surface coverage results, which show large decreases in adsorp
lion equilibrium constant and surface coverage (at surface
saturation). Measurements of the order parameter indicate that
there is surface coverage dependence and ionic strength (NaCl)
dependence to the protein orientation distribution on silica. The
ionic strength dependence of the order parameter of cytochrome
c is currently being investigated in our laboratories. The pH
dependence of reduced cytochrome c adsorption to silica
confirms that the interaction is primarily electrostatic, and the
order parameter measurements show that the orientation of
reduced cytochrome c in a thin film on silica is consistent under
near-neutral pH conditions (pH 6-9). Al low and high pH
conditions, surface adsorption decreases and the order parameter
changes, which could signify either a difference in the protein
orientation distribution at the surface or a conformational change
of the protein. Comparison of the surface adsorption of reduced
vs oxidized cytochrome c reveals good agreement for the
adsorption equilibrium constants, surface coverage, and order
parameters. This shows that the oxidation Slate of cytochrome
c has lillie influence on its adsorption properties on a silica
surface.
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